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Abstract 
 
Pre-combustion decarbonisation is one of the three main routes widely discussed for CO2 
capture from fossil fuels. This thesis focuses on the development of a catalytic hollow fibre 
membrane reactor for the combined steam methane reforming (SMR) and water-gas shift 
(WGS) reaction, using a Ni-based catalyst, and at a temperature window suitable for 
harvesting pure H2, a clean energy carrier, from the reaction by a Pd membrane. Apart from 
developing the catalyst and the Pd-based composite membrane, which are normally 
considered as the two essential components of a membrane reactor involving hydrogen 
separation, this study introduces the concept of incorporating the catalyst into a micro-
structured ceramic hollow fibre substrate to promote mass transfer efficiency. Meanwhile, the 
impact of each fabrication step, i.e. catalyst composition and preparation, ceramic hollow 
fibre fabrication, catalyst incorporation and electroless plating of Pd membranes, on the 
assembly and final performance of the catalytic hollow fibre membrane reactor was 
systematically evaluated. In contrast to previous studies involving micro-structured ceramic 
hollow fibres for catalytic reactions, the one developed in this study possesses a plurality of 
unique micro-channels, with significant openings on the inner surface of the ceramic hollow 
fibre. In addition to reduced mass transfer resistance for both catalytic reaction and hydrogen 
permeation, a microstructure of this type significantly facilitates catalyst incorporation and, 
as a results, enable the application of this hollow fibres for a wider spectrum of catalytic 
reactions. 
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Chapter 1  
Introduction 
 
1.1 Research background 
Over the past decades, the soaring global population, as well as the fast development of new 
products and technologies, has resulted in a dramatic increase in energy demand, particularly 
in the form of electricity. The majority of the energy generated worldwide comes from fossil 
fuels, i.e. coal, natural gas and petroleum [1]. The long term use of fossil fuels has been 
considered as a heavy contributor to global warming, health hazards and a host of other 
environmental problems, due to a considerable generation and release of greenhouse gases 
[2]. It has been estimated that more than half of anthropogenic emissions are linked to the 
release of carbon dioxide (CO2) from fossil fuel combustion and, therefore, CO2 capture and 
storage has raised paramount attentions to address various challenges related to global 
warming [3, 4].  
Despite the exciting developments in renewable and nuclear energies, these energy sources 
are capable of covering a limited fraction of the global energy requirement, which indicates 
that fossil fuels will still be the major energy source over the next few decades. However, it is 
now critically urgent to eliminate and/or drastically reduce the emission of CO2 from primary 
fossil resources, by adopting mitigation technologies such as decarbonization processes [5]. 
Decarbonization of fossil fuels is a technology in which carbon is removed from fossil fuels, 
either before (pre-combustion) or after (post-combustion) combustion, in the form of CO2 [2]. 
Pre-combustion decarbonisation normally involves two main thermodynamic limited 
reactions, i.e. steam reforming (SR) and water-gas shift (WGS). Methane or coal is converted 
into hydrogen (H2), a clean fuel, and the formed CO2 is concentrated and captured either by 
physical sequestration (e.g. entrapment in saline formation) or by chemical fixation (e.g. 
adsorption/stripping) [2]. The combination of the two reactions is beneficial as it produces 
more H2, reduces the emission of toxic CO and the operating costs, and also facilitates the 
CO2 capture at the source. 
Chapter 1                                                                                                                                                Introduction  
 
 
22 
 
Industrially, methane is preferred as a carbon source over other fossil fuels due to its great 
availability and high C/H ratio [5, 6]. Therefore, around 48% of the global production of H2 
is through steam methane reforming (SMR) and water-gas shift (WGS) reaction. Due to 
significant differences in thermodynamic behaviours, SMR and WGS are usually performed 
in separated catalytic packed-bed reactors (PBRs) at distinct operating conditions (high 
temperature and pressure for SMR and low temperature and pressure for WGS), and over 
different catalysts [7].  This makes the combined reaction a very energy-intensive and multi-
stage process, placing a huge burden on plant facilities at high capital costs, as separation and 
purification units are required to obtain pure H2. From this point of view, new technologies 
allowing simplified operation with higher efficiency and at lower energy and operation costs 
are highly demanded. 
This study is based on the concept of membrane reactor, a unit combining simultaneously 
purification of the target product by membrane separation and catalytic reaction. In contrast 
to most of previous membrane reactor designs, in which catalyst is packed on a membrane 
that is supported in a substrate, the catalyst involved in this study is dispersed inside a micro-
structured ceramic hollow fibre that supports a Pd membrane for H2 separation, as shown in 
Figure 1.1. Apart from significantly increasing the surface area, the unique radial micro-
channels substantially improve heat and mass transfer efficiencies, forming a plurality of 
micro-reactors when a catalyst is deposited inside [8]. Meanwhile, a highly integrated Pd 
membrane is coated on the outer surface of the micro-structured ceramic hollow fibres, 
facilitating the in-situ separation of H2 from the adjacent reaction zone. Thus, apart from 
developing a catalytic hollow fibre membrane reactor (CHFMR) for the combined SMR and 
WGS reaction, this study aims at investigating how the catalyst, the hollow fibre substrate 
and the Pd membrane interact with each other during the course of fabricating the CHFMR, 
as well as the impact in final performance. In addition, the benefits of employing the micro-
structured ceramic hollow fibre on the efficiency of catalytic reactions will also be outlined. 
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Figure 1.1 – Schematic representation of the catalytic hollow fibre membrane reactor 
(CHFMR). 
 
1.2 Research objectives 
The major objective of this study is to develop a catalytic hollow fibre membrane reactor 
(CHFMR) for the combined steam methane reforming (SMR) and water-gas shift (WGS) 
reaction. In order to fulfil this aim, the impact and role of each reactor component, i.e. 
catalyst, hollow fibre substrate and Pd membrane, in reactor fabrication and catalytic 
performance were investigated. As a result, the research activity was divided into 4 parts, 
with the former 3 parts addressing catalyst, catalyst incorporation inside the ceramic hollow 
fibre and Pd membrane deposition onto the ceramic hollow fibre, respectively. The last part 
focused on the evaluation of the CHFMR, especially the impact of each reactor component 
on the reactor fabrication and catalytic performance. 
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i. A nickel-based catalyst for combined SMR and WGS reaction 
Ni-based catalysts have been widely used for steam methane reforming at an industrial scale, 
mainly due to their reasonable activity and low cost. However, the stability of such catalysts 
can be an issue due to the possibility of carbon formation, sintering and metal loss, which can 
be reduced by selecting an adequate support with high surface area [9, 10]. Therefore, SBA-
15, a mesoporous material with high surface area and good chemical, mechanical and thermal 
stability, has been employed as the support of the catalyst.   
In a first stage, the effect of nickel loading on the catalytic performance was evaluated, by 
preparing catalysts with loadings from 5 wt. % to 25 wt. % supported in SBA-15 prepared by 
a sol-gel method. In a second stage, different methods were employed to prepare SBA-15, 
and the effect on the properties and catalytic performance of the resultant 25 wt. % Ni/SBA-
15 catalysts was investigated using packed-bed reactors. Apart from guiding the further 
development of catalytic hollow fibres, the catalytic performance was also compared with 
other reactor configurations in the following chapters. 
 
ii. Development and performance evaluation of catalytic hollow fibres 
The use of micro-reactor technology has been proved efficiently in enhancing catalytic 
performance, in terms of higher conversion, yield and selectivity [11]. In order to understand 
the role of the unique radial micro-channels of the ceramic hollow fibre in promoting 
catalytic performance, the Ni/SBA-15 catalyst was incorporated to form a catalytic hollow 
fibre (CHF). The incorporation of Ni-based catalysts, with or without SBA-15 as a secondary 
support, was performed by a two-step method, i.e. SBA-15 deposition by a sol-gel method 
followed by wet incipient impregnation of Ni. The effect of the SBA-15 sol viscosity on the 
catalyst loading and distribution and, therefore, in the catalytic performance was evaluated 
and compared with the PBR of part i. Since there is no H2 separation involved, the difference 
in catalytic performance between CHF and PBR is mainly attributed to the way that the 
reactants are in contact with the catalyst. 
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iii. Development of a Pd/Al2O3 hollow fibre composite membrane 
Palladium-based membranes have been extensively studied for the separation of H2 at 
moderated temperatures (300-550°C), due to their high permeability and selectivity towards 
H2 [12, 13]. In this part of the research, Pd membranes of different thickness (1.3 and 3.3 µm) 
were coated onto the micro-structured ceramic hollow fibres sintered at different 
temperatures, using electroless plating method. The effect of Pd membrane thickness and the 
substrate morphology, particularly the outer sponge-like layer, on H2 permeation of the 
resultant Pd/Al2O3 composite hollow fibre membranes were investigated. As a result of the 
low permeation resistance of the hollow fibre substrates, which is mainly due to the presence 
of the radial micro-channels, highly permeable composite membranes can be obtained. 
 
iv. Development and performance evaluation of catalytic hollow fibre membrane reactor  
In this study, a catalytic hollow fibre membrane reactor (CHFMR), which combines the 
advantages of micro-reactors, i.e. enhanced mass and heat transfer, and membrane reactors, 
i.e. in-situ product separation/purification, has been developed for the combined SMR and 
WGS reaction. Similar reactor designs have been reported for several single reactions, 
proving the benefits of enhanced conversion and more efficient utilization of the catalyst [14, 
15]. However, the ceramic hollow fibres employed were more like a very porous and 
structured catalyst support, due to the presence of micro-voids instead of micro-channels as 
presented in this study. In addition to increasing the mass transfer resistance, the multiple 
sponge-like layers with a packed-pore network “seal” the micro-voids and, as thus, limit the 
incorporation of catalysts.  
The CHFMR in this study is assembled by first incorporating the Ni/SBA-15 catalyst (part i) 
into an asymmetric Al2O3 hollow fibre (part ii), followed by the deposition of a highly 
permselective Pd membrane (part iii). Apart from comparing the catalytic performance with 
the PBR and CHF, different experiments were designed to understand the key issues 
determining the reactor performance, in order to further improve the reactor performance.  
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1.3 Thesis structure and presentation 
This thesis consists of 7 chapters, which includes introduction, literature review, experimental 
chapters and conclusions and future work, as shown in Figure 1.2. The experimental chapters 
(Chapter 3-6) address different aspects on developing the CHFMR as have been introduced 
above.  
 
Figure 1.2 – Schematic presentation of the thesis structure. 
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Chapter 2  
Literature Review 
 
2.1 Pre-combustion decarbonisation for CO2 capture 
Decarbonisation of fossil fuels is a technology for greenhouse gas mitigation, aiming at a 
substantial elimination and/or reduction of CO2 emissions from primary fossil fuels, e.g. coal, 
natural gas and petroleum. There are three major technologies that have been widely 
discussed for decarbonisation: pre-combustion, post-combustion and oxyfuel combustion 
decarbonisation [1, 2]. In contrast to the other two routes, pre-combustion decarbonisation 
allows the carbon to be removed from fossil fuels in the form of CO2 or CO prior to 
combustion. Meanwhile, hydrogen is generated and can be further employed for the 
production of electricity using fuel cells, or as a raw-material for the production of 
petrochemicals and oil refining [3, 4]. The concentrated CO2 can then be captured either by 
physical sequestration or chemical fixation [5, 6]. The pre-combustion decarbonisation 
process is normally performed via a combination  of reforming reactions, i.e. steam reforming 
(SR) and water-gas shift (WGS), or gasification [5]. In addition, industrial hydrogen 
production is mainly based on steam reforming of fossil fuels, in which methane (CH4) is 
desirable due to its great availability and high H/C ratio [1, 3]. As a result, in this study, the 
combined steam methane reforming (SMR) and water-gas shift (WGS) reaction is selected as 
the reaction system for the pre-combustion decarbonisation.  
 
2.1.1 Steam methane reforming (SMR) and water-gas shift reaction (WGS) 
The reforming of methane comprises two major equilibrium limited reactions: steam methane 
reforming (SMR) and water-gas shift (WGS). In SMR (equation 2.1), CH4 and steam react 
over a catalyst to form a gas mixture containing H2 and CO, also known as synthetic gas. 
Additional H2 is generated by converting a by-product of SMR, i.e. CO, via WGS reaction to 
form CO2 (equation 2.2) [7, 8]. The overall reaction is thus given in chemical equation 2.3. 
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The combination of the two reactions is beneficial since it reduces the energy costs, facilitates 
the CO2 capture at the source and reduces the concentration of toxic CO. Both reactions are 
reversible and can occur simultaneously depending on the reaction conditions. 
𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 ∆𝐻298 =  +206.1 𝑘𝐽 · 𝑚𝑜𝑙
−1 (2.1) 
𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 ∆𝐻298 =  −41.15 𝑘𝐽 · 𝑚𝑜𝑙
−1 (2.2) 
𝐶𝐻4 + 2𝐻2𝑂 ↔ 𝐶𝑂2 + 4𝐻2 ∆𝐻298 =  +165.0 𝑘𝐽 · 𝑚𝑜𝑙
−1 (2.3) 
 
The equilibrium-limited reactions are thermodynamically governed by the Le Chatelier’s 
principle, which states that when a reaction system at equilibrium is subjected to a change 
in either concentration, temperature, volume or pressure, the system readjusts itself to 
counteract the effect of the applied change and a new equilibrium is established [9]. This 
principle has been widely used for optimizing the operating conditions of a reaction system 
on dynamic equilibrium. Since SMR (equation 2.1), as well as the overall reaction (equation 
2.3), is endothermic and with generation of more moles of gas, it is thermodynamically 
favoured at high temperatures and low pressures. On the other hand, the WGS reaction 
(equation 2.2) is exothermic with constant molar volume and, therefore, is favoured at low 
temperatures and is not affected by changes in pressure [7, 10, 11]. Apart from the operating 
temperature and pressure, the steam to methane ratio also plays an important role: an increase 
in steam to methane ratio leads to higher equilibrium conversions, as can be seen in Figure 
2.1 [7, 10]. 
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(a)                                                                     (b) 
Figure 2.1 – Equilibrium methane conversion of steam methane reforming at different 
temperatures, pressures and steam to methane ratios: (a) pressure = 1bar and (b) pressure = 
20 bar [7]. 
 
Over the last few decades, H2 production by methane reforming has been extensively studied, 
especially the optimisation of operating conditions and reactor design, aiming to improve H2 
yield and purity and minimize the overall costs. In the next section, the industrial reforming 
process is introduced. 
 
2.1.2 Industrial steam methane reforming process 
Steam methane reforming (SMR) is a well-developed and cost-efficient industrial process for 
H2 production, which accounts for approximately 48 % of the H2 produced worldwide [12]. 
The industrial process comprises four main stages: pre-treatment of natural gas; reforming of 
CH4; shift reaction (WGS); and separation and purification of H2. The SMR and WGS 
reactions are usually performed in separate catalytic packed-bed reactors due to the 
significant differences in operating conditions and catalyst compositions [13]. An example of 
a simplified flowchart of an industrial SMR process is presented in Figure 2.2. 
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Figure 2.2 – Flowchart of industrial SMR process [14]. 
 
In the pre-treatment stage, sulphur impurities in the natural gas are removed by 
hydrodesulphurization, followed by physical adsorption. The hydrodesulphurization involves 
the reaction of sulphur (S) with H2 to form hydrogen sulphite (H2S), which can be further 
removed by absorption using, for example, zinc oxide. The desulphurized methane is then 
mixed with steam, at a steam to methane ratio above 2.5, and fed into the reformer [15]. The 
SMR reaction is usually performed in a long multi-tube PBR, at temperatures between 700-
1000 °C, pressures above 30 bar and using a pellet shaped nickel-based catalyst supported on 
alumina [14, 15]. The outlet stream of the reformer contains a large amount of CO and needs 
to be cooled down to a temperature suitable for the following WGS units. The WGS reaction 
is normally performed in two stages and in separated PBRs: firstly, a high temperature shift at 
around 400 °C and over an iron-based catalyst, followed by a low temperature shift 
performed at around 200 °C using a copper-based catalyst [16]. Both WGS stages aim the 
removal of toxic CO and the production of additional H2. The separation and purification of 
hydrogen is completed in a pressure swing adsorption (PSA) unit, reaching a H2 purity of 
99.9 %.  
The overall efficiency of the process varies from 75 to 85 %, depending on the degree of 
steam integration with other units in the site [17]. Due to the highly endothermic nature of 
SMR, the overall performance relies on an efficient heat management of the process. 
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Conventional reformers present severe diffusion and thermodynamic limitations, which 
makes the whole process energy intensive [18, 19]. Furthermore, the multi-step character and 
harsh operating conditions considerably increase the overall cost of the SMR process [14, 
20]. As a result, new technologies need to be developed to address these challenges. Process 
intensification, e.g. micro-reactors, and integration, e.g. membrane reactors, can potentially 
improve the overall efficiency of SMR process by enhancing heat and mass transfer and 
overcoming the thermodynamic equilibrium, respectively. These subjects are reviewed over 
the next sections.  
 
2.2 Micro-reactor technology 
Over the last decade, miniaturization of reaction units has been strongly developed for a wide 
range of applications, from fine chemical synthesis to H2 production. A micro-reactor is a 
three dimensional structure with internal dimension in the micrometric range (10 to 100 µm), 
in which chemical reaction occurs in small volumes and with a contact time of milliseconds 
[19, 21, 22]. The micro-reactor design presents a high surface area per unit of volume (SA/V), 
between 10,000 and 50,000 m2·m-3, while in conventional reactor this ratio is rather small, 
varying between 100 and 1,000 m2·m-3 [23]. Such a feature of micro-reactors is crucial when 
performing chemical reactions that require harsh/aggressive conditions or produce highly 
energetic or toxic components [24]. The reduced diameter of the channels shortens the 
diffusion distances and, as a result, mass and heat transfer across the reaction unit are greatly 
improved [21-25]. The heat transfer coefficient is inversely proportional to the diameters of 
the micro-channels, reaching values higher than conventional heat exchangers (10 kW·m-2·K-
1) [23]. Consequently, the fast heating and cooling rates of reaction mixtures allow the 
performance of highly endothermic and exothermic reactions at isothermal conditions. An 
adequate temperature control in exothermic and endothermic reactions, by dissipating or 
supplying heat, eliminates the formation of hotspots or cold spots, respectively. Therefore, 
the extent of side reactions can be minimized, increasing the overall performance of the 
reaction by achieving a higher conversion, selectivity and yields [19, 21-25]. The 
hydrodynamic flow in micro-reactor units is mostly laminar, 1< Re< 1000, directed and 
highly symmetric [23, 26]. The precise control of temperature, pressure, residence time and 
flow rate achieved in micro-reactors contributes to reduce the intrinsic risks of performing 
explosive and highly exothermic reactions.  Furthermore, a better utilization of energy and 
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raw materials, together with higher efficiencies, can lead to a reduction of waste and capital 
and operating costs [21, 27]. The integration and scaling up of micro-reactors are relatively 
easy, as lay on increasing the number of reaction units assembled in parallel.  
In summary, the compact design, improved heat and mass transfer efficiencies, reduced 
weight and enhanced lifetime of catalyst [28], high catalytic performance and low operating 
costs qualify micro-reactors as ideal devices to perform steam methane reforming and water-
gas shift reactions. However, the commercialization of hydrogen produced in micro-reactors 
is still hindered by the absence of low-cost and standardised fabrication techniques that can 
yield highly stable materials, i.e. ceramics [25, 28].  
Ceramic materials present better thermal and chemical stabilities when compared to metal, 
silicon, glass and certain polymers that loose integrity when exposed at harsh environments. 
As a result, chemical reactions performed at high temperatures or corrosive conditions need 
to be carried out in ceramic based micro-reactors. Nevertheless, the high melting point and 
hardness of ceramic materials challenge the handling and moulding into micro-reactors and, 
therefore, adequate production techniques at low cost have not been fully developed [25]. 
Usually, the preparation of ceramic based micro-reactors is labour intensive, involving the 
combination of different techniques such as stereolithography and low temperature injection 
moulding [25]. Alternatively, highly asymmetric ceramic hollow fibres, with thousands of 
self-organised micro-channels, can be produced in a single step by viscous-fingering induced 
phase-inversion and sintering technique. The application of these highly asymmetric 
structures as micro-reactors and/or membrane substrates has been proved efficiently for a 
wide range of chemical reactions, e.g. WGS [29, 30], reforming reaction [31-33] and 
oxidative coupling of methane [34]. 
 
2.2.1 Catalytic hollow fibres 
Ceramic hollow fibres, which can be of a symmetric or asymmetric structure, have been 
employed as a catalyst substrate for the preparation of catalytic hollow fibres and catalytic 
hollow fibre membrane reactors. The symmetric hollow fibre (SHF) consists of a fully 
sponge-like structure with small pore size, low porosity and high mass transfer resistance. 
The incorporation of catalyst into SHF is usually carried out by sol-gel and/or incipient 
impregnation, which leads to a homogenous distribution of a highly structured catalyst [30, 
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31]. On the other hand, asymmetric hollow fibres (AHF) contain one or more sponge-like 
layers and a plurality of self-organised micro-voids/channels, which greatly contribute to 
increase the surface area to volume ratio. The catalyst is mainly deposited into the micro-
voids/channels, working as thousands of parallel micro-reactors with enhanced mass and heat 
transfer efficiency and, consequently, greater performance. Despite the high surface area to 
volume ratio, the ceramic hollow fibre presents very limited specific surface area. Therefore, 
secondary supports such as CeO2 and SBA-15 are usually employed in order to increase the 
specific surface area and, as a result, to promote a more uniform dispersion of higher loadings 
of catalyst [35]. The incorporation of catalyst into the micro-voids/channels can be performed 
by sol-gel method, incipient impregnation and wash-coating of powder catalyst [36]. 
However, an efficient deposition of catalyst by wash-coating can only be achieved when the 
catalyst particle size is at least three times smaller than the size of the micro-channels 
entrances [29]. Consequently, both catalyst particle size and dimensions of micro-channels 
entrance need to be designed appropriately.  
The catalytic performance of catalytic hollow fibres is critically affected by the morphology 
of the hollow fibre, the distribution and loading of the catalyst, the configuration and 
operating conditions. Garcia-Garcia et al. [30] investigated the effects of Al2O3 hollow fibre 
morphology on catalyst particle size and on the performance of catalytic membrane reactors 
for water-gas shift reaction. For this purpose, a Cu-based catalyst was incorporated by sol-gel 
Pechini method into symmetric and asymmetric hollow fibres with a sponge-like layer of 300 
and 100 µm, respectively. A uniform catalyst distribution was observed in both symmetric 
and asymmetric catalytic hollow fibres. However, the particle size of the catalyst presented 
significant differences; for the symmetric catalytic hollow fibre, a uniform particle size of 
<50 nm was observed throughout the sponge-like layer. On the other hand, the asymmetric 
catalytic hollow fibre presented catalyst particles of 350 nm and <50 nm on the conical 
micro-channels region and sponge-like layer, respectively. The formation of larger particles 
was caused by the growth of particles during the polymerization step, as the micro-channels 
were filled with sol-gel solution. In contrast, the sol-gel solution penetrated into the sponge-
like layer by capillarity forces and, therefore, the volume of solution was too little to allow 
the growth of the particles. It was proven that catalyst with smaller particle size presented 
higher catalytic activity. Additionally, two different configurations, i.e. open-end and dead-
end, were investigated and a schematic representation is provided in Figure 2.3. The catalytic 
performance of symmetric catalytic membrane reactors was better when operated in dead-end 
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configuration, showing a catalytic conversion above PBR configuration. However, the same 
device did not present catalytic activity in open-end configuration, which might be due to 
insufficient contact between catalyst and reactants. On the other hand, the catalytic activities 
obtained for asymmetric catalytic hollow fibre in both dead-end and open-end configurations 
were considerably higher than PBR and symmetric catalytic hollow fibre configurations. The 
enhanced catalytic performance of the asymmetric catalytic hollow fibres is attributed to the 
improved heat and mass transfer efficiencies and higher internal area provided by the conical 
micro-channels. 
 
 
Figure 2.3 – Asymmetric catalytic hollow fibre operated in a “dead-end” and “open-end” 
configuration [30]. 
 
Similar behaviour was also observed when using symmetric and asymmetric Al2O3 catalytic 
hollow fibres for glycerol steam reforming, operated in dead-end configuration [31]. 
Additionally, asymmetric hollow fibres have been employed to develop catalytic hollow 
fibres for a wide range of other energy-related reactions, e.g. ethanol steam reforming [32, 
33], methanol steam reforming [37, 38] and dehydrogenation reaction [35, 39]. Therefore, the 
enhanced catalytic performance of asymmetric catalytic hollow fibres, promoted by high 
mass and heat transfer as well as high mixing and contact between catalyst and reactant, has 
been proved. Furthermore, less catalyst is required in catalytic hollow fibre configuration [32, 
33, 40, 41].  
Despite the improved efficiencies, the overall performance of catalytic hollow fibres is still 
limited by the thermodynamic behaviours of the catalytic reactions.  
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2.3 Membrane reactors 
Membrane reactors (MR) combine chemical reaction and membrane separation in a single 
unit, which greatly simplifies the process and reduces the costs. The membrane reactor 
technology was firstly applied in the field of bioengineering using polymeric based 
membranes [42, 43]. The development of inorganic membranes, e.g. palladium membrane, 
with high permeselectivity and thermal stability allowed the widespread of membrane reactor 
technology to high temperature chemical reactions, such as dehydrogenation and steam 
reforming reactions [42]. Therefore, the viability of membrane reactor design is largely 
determined by the properties of the membranes such as selectivity, permeability and stability 
under the operating conditions [43-45]. The classification of membrane reactors can be based 
on 1) function of the membrane, i.e. extractor, distributor or contactor; 2) geometry, i.e. disk, 
tubular or hollow fibre; 3) microstructure, i.e. dense or porous and symmetric or asymmetric; 
and 4) material, i.e. polymer, ceramic or metal. In most cases, the membrane is used as a 
selective barrier for removing a product from reaction zone, or supplying and distributing a 
reactant into the reaction zone, as shown in Figure 2.4. As a special case, membrane 
contactors are a porous and non-permselective media for intensifying the contact between 
reactants.  
 
Figure 2.4 – Function of a membrane inside a membrane reactor: (a) extractor, (b) distributor 
and (c) active contactor [46]. 
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In membrane reactors where a membrane acts as a distributer, the supply and distribution of a 
reactant is performed in a controlled manner, in order to achieve the ideal concentration of 
reactants. Therefore, the reaction pathway of catalytic reactions, such as partial oxidation of 
methane and oxidative coupling of methane, can be controlled and side reactions can be 
suppressed. This greatly enhances the overall catalytic performance by increasing yield and 
selectivity [34]. Furthermore, highly exothermic reactions can be performed in moderate 
conditions, avoiding hot points [44-46]. 
Membranes as extractors are mainly applied for thermodynamic limited reactions, as the 
removal of a product from the reaction zone allows the reaction to surpass the 
thermodynamic equilibrium and, as a result, higher conversion and yields can be achieved at 
lower operating temperatures. Furthermore, deactivation of catalysts due to the interaction 
with products or by-products can be reduced [42, 43]. This technology has been employed for 
a wide range of reactions, such as water-gas shift [13, 47, 48], reforming reaction [49-52] and 
dehydrogenation [39, 42, 45]. 
The membrane reactor configuration can also be classified depending on the relative 
positions of the membrane and the catalyst. As shown in Figure 2.5, three different 
membrane/catalyst arrangements can be considered: the catalyst is physically separated from 
the membrane by packing the catalyst on the membrane (a) or dispersing the catalyst inside 
the porous membrane support (b); the catalyst particles are immobilized in the pores of an 
inert membrane (c); and the membrane itself is catalytically active [46]. In all configurations, 
the morphological properties of the membrane support largely determine the thickness of the 
membrane and, as a result, the permeability of reactants and products. Furthermore, the 
substrate also increases the heat and mass transfer resistance across the membrane reactor. 
Asymmetric Al2O3 hollow fibres have been employed as substrate for membranes, mainly 
Pd-based membranes, as well as for catalyst deposition. The development of catalytic hollow 
fibre membrane reactors, using the membrane as an extractor, is reviewed in the next section.  
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Figure 2.5 – Catalyst and membrane arrangements in membrane reactors: (a) catalyst packed 
on an inert membrane, (b) catalyst inside the porous support of an inert membrane; (c) 
catalyst dispersed in an inert membrane; (d) inherently catalytic membrane (adapted from 
[46]). 
 
2.3.1 Catalytic hollow fibre membrane reactor (CHFMR) 
Asymmetric ceramic hollow fibres have been employed as substrates of both membrane and 
catalyst, for the development of hollow fibre membrane reactors for heterogeneous catalytic 
reactions with thermodynamic limitations [45, 53, 54]. Two different configurations have 
been adopted: packed-bed hollow fibre membrane reactor (Figure 2.6 A) and catalytic hollow 
fibre membrane reactor (Figure 2.6 B). While in hollow fibre membrane reactors (HFMR) the 
catalyst, either in pellets or powder form, is packed in the shell side and in contact with the 
membrane, in catalytic hollow fibre membrane reactor (CHFMR) the catalyst is dispersed 
inside the micro-channels of the hollow fibre substrate. 
In hollow fibre membrane reactors (HFMR), the membrane separation greatly improves the 
catalytic performance by surpassing the thermodynamic equilibrium. However, the heat and 
mass transfer limitations inside the catalyst bed can be considerable, leading to concentration 
and temperature profiles and, consequently, side reactions and catalyst deactivation. On the 
other hand, in catalytic hollow fibre membrane reactors (CHFMR) the catalyst is 
incorporated in the micro-channels, working as hundreds of micro-reactors with improved 
heat and mass transfer. As a result, CHFMR combines the advantages of micro-reactor 
design, i.e. catalytic hollow fibres, with membrane separation. As mentioned in the catalytic 
hollow fibres subsection (2.2.1), the dispersion of catalyst in the micro-channels of a hollow 
fibre greatly improves the overall catalytic performance. The enhanced mixing and heat and 
mass transfer, together with high surface area to volume ratio available for the reaction to 
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take place, are considered as the main reasons for the boost in catalytic performance. Besides, 
in CHFMR the continuous removal of a product allows the shift of the thermodynamic 
equilibrium and, therefore, higher conversion, yield and selectivity can be achieved. 
Additionally, scaling up the CHFMR systems can be relatively easy due to the modular 
nature of these devices [41].  
 
 
Figure 2.6 – A schematic representation of a HFMR and a CHFMR (adapted from [37]). 
 
The major advantages of CHFMR design have been comprehensively proven for WGS [29, 
41, 55]. Additionally, CHFMR has also been employed for methanol and ethanol steam 
reforming [32, 38] and dehydrogenation [35, 39]. Up to date, steam methane reforming has 
not been attempted in a CHFMR configuration, which is the case of study investigated in this 
thesis. Similarly to the CHFMR for H2 production, the separation layer is a Pd-based 
membrane and an adequate catalyst for steam-reforming reaction is deposited inside the 
micro-channels. The reactor is fed with methane and steam, while hydrogen, carbon 
monoxide and carbon dioxide are produced, as shown in Figure 2.7. The hydrogen is 
continuously removed from the reaction zone and carried away by a sweep gas, such as 
argon. The selective removal of H2 shifts the reaction towards the product side and, as a 
(b) CHFMR
(a) HFMR
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result, higher conversion, yield and selectivity can be achieved at lower operating 
temperatures, with lower energy consumption and costs [53]. Costs involved in CHFMR 
preparation are mainly related to the fabrication of a palladium membrane and, as a result, no 
substantial capital cost savings can be expected [32]. The components of the CHFMR are 
extensively reviewed in the following sections. 
 
 
Figure 2.7 – Schematic representation of a catalytic hollow fibre membrane reactor for 
combined steam methane reforming and water-gas shift reaction. 
 
2.4 Pd-based membranes for hydrogen separation 
Over the last decades, hydrogen production and purification have been extensively studied 
due to increasing demand for H2, as both energy carrier and raw-material in chemical and 
petrochemical industries [3, 4, 56-58]. The technologies commercially available for hydrogen 
separation and purification can be divided into three groups: chemical (i.e. catalytic 
purification), physical (e.g. cryogenic separation and pressure swing adsorption) and selective 
Chapter 2                                                                                                                                       Literature Review  
 
 
42 
 
diffusion (i.e. membrane diffusion and solid polymer electrolyte cells) [59]. Due to the lower 
energy consumption, easier design and lower operating costs, the membrane based processes 
have emerged as a viable option [53, 56].  
Membrane diffusion technologies include polymeric and inorganic based membrane 
processes [59]. Polymeric membranes are strongly limited by the operating conditions, e.g. 
temperatures and media, since the integrity of the membrane is highly compromised when 
exposed to harsh conditions. In contrast, metallic membranes present much better thermal and 
chemical stabilities and, as a result, are ideal to be coupled with reaction systems operated at 
high temperatures [60]. In this section, fundamental principles and recent developments of 
palladium-based membranes, a subgroup of noble metal membranes, will be reviewed. 
 
2.4.1 Pd membranes 
To date, a number of metals such as palladium (Pd), nickel (Ni), platinum (Pt), iron (Fe), 
silver (Ag), Niobium (Nb), Vanadium (V) and Tantalum (Ta) have been extensively studied 
for hydrogen separation [61]. The performance of a membrane is largely defined by the 
selectivity and permeability, which determine the purity and recovery of hydrogen, 
respectively.  Furthermore, the thermal and mechanical stabilities of the membrane at the 
desired operating conditions are crucial. 
Hydrogen permeation through metal membranes is based on a solution-diffusion mechanism 
in which the driving force is a concentration gradient across the membrane [56]. The process 
consists of 7 steps, as shown in Figure 2.8. Firstly, a hydrogen molecule is adsorbed on the 
metallic surface of the membrane, followed by its dissociation into atoms. Hydrogen atoms 
then dissolve in and diffuse through the bulk metal to the other side of membrane, where the 
re-association of hydrogen atoms and desorption of the hydrogen molecule occurs. The bulk 
diffusion step can be enhanced by elevating temperatures, due to the increased solubility of 
H2, or by reducing the membrane thickness, as reduces the diffusion distance [59].  
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Figure 2.8 – Permeation of hydrogen in metals by a solution-diffusion mechanism.  
 
Among the noble metal membranes for H2 separation, Pd-based membranes have been 
reported with 100% selectivity to hydrogen, as well as with high permeability due to the great 
solubility of hydrogen in Pd (Figure 2.9). Other metals, such as Nb, Ta and V, have been 
reported with higher permeability than Pd, especially at lower temperatures, as hydrogen is 
more soluble in these metals [62]. However, the practical use of such metals is limited by the 
formation of an oxide layer, causing malfunction  of membranes [59, 61].  
 
Figure 2.9 – Hydrogen solubility in metallic membranes at a pressure of 1atm [56]. 
Chapter 2                                                                                                                                       Literature Review  
 
 
44 
 
Despite the great permselectivity, palladium membranes suffer from several limitations such 
as α-β phase transition, hydrogen embrittlement phenomena and poisoning of the membranes 
by other metals and contaminants (e.g. carbon compounds, mercury, chlorine) [56, 59, 61].  
At temperatures below 300 ºC and pressures less than 20 atm, dissociation and diffusion of 
hydrogen in Pd promote a phase transformation from a α-phase to a β-phase (Figure 2.10) 
[63]. As the β-palladium hydride has a lattice parameter bigger than α-palladium hydride, 
0.410 nm and 0.389 nm, respectively, the palladium atoms tend to elongate. Distortion, 
dislocation and hardening of the bulk results in loss of ductility and, consequently, leads to 
the fracture of the membrane and loss of selectivity [56, 62]. In order to avoid such failure, 
the membrane must present Pd in single phase which can be achieved by maintaining the 
operating temperature above 300 °C and under hydrogen atmosphere.  
The hydrogen embrittlement phenomenon is mainly associated with Pd phase transition and 
can result in the loss of membrane integrity when exposed to thermal and mechanical stress 
cycles [62]. As a result, the cooling of the membrane should be carried out in an atmosphere 
free of hydrogen. 
 
 
Figure 2.10 – Adsorption relationship in palladium-hydrogen systems [59]. 
 
Additionally, Pd phase transition can be mitigated by doping other metals, such as Ag, Au 
and Cu, to form Pd-alloys. Although the phase transition and inherent elongation of Pd still 
occurs, in alloyed membranes the stress is contained and absorbed by the alloyed metal. 
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Furthermore, the selectivity and permeability of specific Pd-alloyed membranes can even be 
improved (Figure 2.11) [59, 64]. For example, 23% silver-palladium and 10% yttrium-
palladium membranes show higher permeation rate than the pure palladium membrane itself. 
 
 
Figure 2.11 – Permeability of palladium-based composite membranes [59]. 
 
Grashoff et al. [59] investigated the hydrogen permeability and stability of several Pd-alloyed 
membranes. Silver-palladium alloys that contain 20-23% of Ag reduce the critical 
temperature for the α to β hydride phase transformation from 300oC to 25°C, together with 
better tolerance to sulphur impurities. For a silver content below 20%, the distortion problems 
are hardly solved since the silver-palladium membrane is not stable and the mechanical 
strength is poor. On the other hand, for a silver content above 23% the permeability of the 
membrane substantially decreases. As a result, a silver content of 23% was established as the 
optimum value [59]. 
Moreover, the thermal stability of the membrane plays a key role in ensuring a long life-time. 
Silver-palladium membranes applied for SMR and WGS reaction can stand several thermal 
cycles at temperatures well above 550°C, without compromising their mechanical strength. In 
contrast, palladium membranes have a maximum operating temperature of 550°C and suffer 
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from deactivation in the presence of carbon compounds, resulting in a shorter life time [65]. 
Despite these facts, Pd membranes were selected as the separation layer in this study since 
the maximum operating temperature was 550°C and the membranes were not subjected to 
thermal or stress cycles.  
 
2.4.2 Substrate  
Palladium-based membranes can be supported or unsupported. Unsupported membranes, also 
named as free-standing membranes, are usually thick in order to achieve a reasonable 
mechanical strength. As a result, the permeability of such membranes is compromised and 
the material cost involved is high [66]. On the other hand, supported membranes use a porous 
substrate (i.e. a ceramic, a metallic or a glass support) as a scaffold to provide mechanical 
strength. The membrane thickness can thus be significantly reduced, resulting in higher 
permeation and lower material cost [56].  
 
2.4.2.1  Substrate Selection 
Ceramic, stainless steel and porous glass have been widely studied as substrates for metalic 
membranes, particularly Pd membranes. The thickness of the membrane and, as a result, the 
H2 permeation flux is greatly affected by the morphological properties of the support, i.e. 
pore size, pore size distribution, porosity, roughness of substrate, and mechanical, thermal 
and chemical stabilities [53]. The thermal stability of the substrate is defined based on 
melting temperature, intermetallic diffusion and coefficient of thermal expansion. At high 
temperatures, migration of atoms between membrane and substrate can occur, especially for 
metal based substrates such as stainless steel. The intermetallic diffusion changes the 
membrane composition and consequently reduces membrane selectivity and permeability. 
Furthermore, the selectivity of a membrane can be negatively affected by a mismatch of 
coefficient of thermal expansion (CTE). A significant difference between the expansions of 
materials (CTE) can lead to crack formation. 
In many cases, the membrane performance is significantly affected by the pore structure and 
the smoothness of the substrate surface. The adhesion between palladium-based membrane 
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and substrate is compromised if the substrate is too smooth [67]. On the other hand, if the 
substrate is too rough, the possibility of defect formation in the coated membrane is 
substantially higher [53]. Therefore, interlayers are required to adjust the roughness, 
increasing the costs of membrane fabrication [67]. An additional interlayer can also be 
required if the pore size of the substrate is too big, especially for depositing a thin defect-free 
membrane. However, smaller pore size can represent a barrier for free gas flow, which 
increases the mass transfer resistance across the substrate [53]. Therefore, the selection of a 
substrate with an adequate pore size is crucial. Mardilovich et al. [68] established that a 
defect-free membrane must have a minimum thickness of 3 times the biggest pore diameter 
of the substrate. From this point of view, the substrate pore size should be as small as 
possible in order to minimize the membrane thickness and, as a result, increase hydrogen 
permeation rate. 
Porous glass supports (PGS) present good thermal stability, narrow pore size distribution and 
pore size between 4 to 5 nm [69, 70]. However, their mechanical strength and chemical 
stability in hydrofluoric acid, phosphoric acid, alkaline or metallic solution at high 
temperatures are low [71]. In comparison, porous stainless steel (PSS) supports are 
mechanically and chemically stable. Furthermore, metal supports are commercially available 
as the fabrication process has been well developed and industrially implemented. 
Nevertheless, the production cost of stainless steel supports are high, representing around 
70% of the total cost of Pd/PSS composite membranes [40]. The relatively close CTE  of PSS 
supports and Pd, as well as Pd alloys, minimize the formation of cracks [72]. However, 
intermetallic diffusion at temperatures between 275 °C and 350 °C is of great concern, as it 
can deeply compromise membrane integrity. Other disadvantages of metallic supports 
include large pore size and non-uniform pore size distribution, which challenge the 
deposition of a thin, uniform and defect-free separation layer. Consequently, the thickness of 
membranes supported on metal substrates is normally high, leading to low H2 permeation 
flux and high material costs [56]. The low surface area to volume ratio of tubular PSS 
substrates limits membrane area and the fabrication of modules. In contrast, ceramic supports 
emerge as a good option since they presents more uniform pore size (0.1-10 µm) and high 
chemical, thermal and mechanical stabilities. However, the fabrication of palladium 
membranes supported on ceramic substrates involves several steps, leading to elevated 
production costs. Moreover, the possibility of fabricating a module is compromised because 
of the low surface area to volume ratio of both flat sheet and tubular geometries. Ceramic 
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hollow fibres, usually made of alumina oxide, are good supports for metallic membranes 
since they combine all advantages of ceramic support and, additionally, present low 
production costs and high surface area to volume ratio, enabling the scale up process. The 
hollow fibre supports are reviewed in section 2.5. The properties of the inorganic supports for 
metallic membrane deposition are compiled in Table 2.1. 
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Table 2.1 – Properties of inorganic supports for membrane deposition [29]. 
 Porous Stainless Steel Ceramic Composite Al2O3 Hollow Fibre Vycor Glass 
Mechanical stability High Medium Medium Low 
Thermal stability 
Melting point: 
1300-1500 ºC 
Melting point: 
2000-2200 ºC 
Melting point: 
2000-2200 ºC 
Melting point: 
1615ºC 
CTE*: 
1,73.10-5 ºC-1 
CTE*: 
0,6-0,7.10-5 ºC-1 
CTE*: 
0,6-0,7.10-5 ºC-1 
CTE*: 
0.5-0.75-6 ºC-1 
IMD *: 
275-350 ºC 
IMD *: 
 (no) 
IMD *: 
 (no) 
IMD *: 
 (-) 
Chemical stability High High High Medium 
Pore size distribution 
Large  
(dp = 5-10 m) 
Narrow  
(dp = 0.1-10 m) 
Narrow  
(dp ≈ 0.1 m) 
Narrow  
(dp ≈ 0.3-0.5m) 
Production cost 
High 
(Multi-step fabrication) 
High 
(Multi-step 
fabrication) 
Low 
(Single-step fabrication) 
- 
Module fabrication 
Unsuitable 
(low S/V ratio) 
Unsuitable 
(low S/V ratio) 
Suitable 
(high S/V ratio) 
- 
 
*CTE: Coefficient of thermal expansion; IMD – Intermetallic diffusion.
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2.4.3 Pd/Al2O3 hollow fibre composite membranes 
Asymmetric and symmetric ceramic hollow fibres have been employed as a substrate for 
coating Pd and Pd-alloyed membranes, e.g. Ag/Pd. The morphology and properties of the 
hollow fibre significantly affect the membrane performance, i.e. selectivity and permeability. 
Ideally, a hollow fibre substrate should present an outer sponge-like layer with small pore 
size and narrow pore size distribution in order to coat a thin and defect-free Pd membrane. 
Additionally, high porosity and surface area to volume ratio are desired to minimize the mass 
transfer resistance and, therefore, increase the H2 permeation. The mass transfer resistance 
across the substrate is mainly determined by the morphology and micro-structure of the 
hollow fibre. Although symmetric hollow fibres present good mechanical strength, the mass 
transfer resistance across the substrate of this type is high [66]. On the other hand, 
asymmetric hollow fibres present lower mechanical strength, but higher porosity and surface 
area to volume ratio. This is mainly due to the presence of unique micro-channels, which 
significantly lower substrate resistance to H2 permeation [64]. Nevertheless, according to 
Irfan Hatim et al. [73], asymmetric hollow fibres still present a considerable resistance to 
hydrogen permeation. As a result, the overall resistance of H2 permeation in a Pd/hollow fibre 
composite combines the resistance from coated Pd membrane, substrate and an intermediate 
layer formed due to Pd penetration (during the course of ELP) [73].  
 
2.4.4 Fabrication methods 
The fabrication of palladium-based membranes can be carried out by chemical processes, e.g. 
anodic oxidation [60], chemical vapour deposition (CVD) [56, 57, 60, 74, 75] and electroless 
plating (ELP) [57, 60, 67, 74, 75], or physical processes, e.g. sputtering - physical vapour 
deposition (PVD) [56, 61, 74], atmospheric plasma [67] and spray pyrolisis method (SPM) 
[51, 59]. However, the most common techniques used for fabricating noble metal membranes 
are CVD, ELP, PVD and electroplating deposition (EPD) [56]. A brief description of each 
method is provided below. 
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2.4.4.1 Chemical Vapour Deposition (CVD) 
CVD is a technique in which a thin film is deposited onto a support by the thermal 
decomposition of one or more metal complexes (e.g. metal carbonyls and organometallic 
compounds), which have high volatility and good thermal stability. A thin (<2 µm) and dense 
membrane can be easily obtained by CVD since the nucleation and growth of the metallic 
layer can be well controlled. However, the costs involved in materials and control of 
operation conditions limit the use of this technique [56, 61]. 
 
2.4.4.2  Physical Vapour Deposition (PVD) 
PVD is a coating method in which a solid material, usually a pure metal, is vaporized by a 
high energy source (e.g. an electron beam) in a vacuum system. The generated atoms migrate 
in all directions and condensate when contacting with a substrate, which is at a lower 
temperature, to form a metallic film of up to 50 µm in thickness. The main advantages of this 
technology include the precise control of composition and simplicity. However, PVD 
involves high capital and operating costs mainly associated with the vacuum system and the 
vaporization of metals [56, 61]. 
 
2.4.4.3 Electroplating Deposition (EPD) 
EDP is a simple coating process in which a thin layer is deposited on the substrate by the 
reduction of metal ions. An electrical potential promotes the transport of the ions through the 
plating bath to the support that acts as a cathode. The electrochemical process is simple and 
only involves simple and low cost equipment. However, the support must be conductive. The 
thickness of the membrane is normally controlled by the electroplating time and the 
composition of the plating solution [56, 61]. 
 
2.4.4.4 Electroless Plating (ELP) 
ELP is an autocatalytic technique in which a conductive or a non-conductive surface is coated 
with a metallic film by the reduction of metal salt complexes (e.g. ammine complexes) 
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induced by a reducing agent (e.g. hydrazine) [56, 60, 61].  The preparation of the membrane 
involves two steps: surface pre-treatment, i.e. the sensitisation and the activation of the 
support, and plating of a Pd layer. In the surface activation, Pd seeds are deposited onto the 
hollow fibre surface, acting as a catalyst in the plating step and, as a result, fastening the 
formation of the membrane [56]. Furthermore, the activation of the support also contributes 
to the formation of a homogeneous and uniform separating layer. ELP is suitable for the 
deposition of membranes on non-metallic supports with complicated shapes, ensuring the 
formation of a uniform and dense membrane with good adhesion to the support. This process 
involves low capital and utility costs [56, 60]. However, the precise control over the thickness 
of the membrane still presents a challenge, as the kinetics of the reaction are strongly 
dependent on factors such as temperature and pressure [61]. Despite this, the extensive 
advantages of EPL qualify it as one of the best options for coating thin Pd-based membranes 
onto non-metallic supports, i.e. ceramic materials.  
 
Surface Pre-treatment  
Surface activation is essential for non-conductive supports, e.g. Al2O3 hollow fibres, as it 
increases the chemical activity to initiate the oxidation of the reducing agent. Otherwise, the 
deposition of the palladium metal would be inefficient [56]. The pre-treatment involves two 
steps, i.e. the sensitisation and the activation of the support. In sensitisation, the support is 
immersed in an acidic solution of Sn2+ salt, which are adsorbed in a hydrolytic form on the 
substrate. The Sn2+ ions are then oxidised and replaced by Pd0 seeds during the activation 
step (equation 2.4) [76]. Between the two baths, the substrate is cleaned by de-ionized water. 
𝑆𝑛2+(𝑎𝑞) + 𝑃𝑑2+(𝑎𝑞) → 𝑆𝑛4+(𝑎𝑞) + 𝑃𝑑(𝑠) (2.4) 
The catalytic function of the Pd0 seeds can be greatly affected by the presence of residual 
Sn4+ and Sn2+ ions, which can occupy the nuclei active centres. As a result, an additional 
cleaning step using an alkaline or acidic solution is needed. 
 
Electroless Plating Bath 
The electroless plating solution is composed of a metallic salt (e.g. palladium-ammine), 
which is the palladium source, a complexion agent (e.g. Na2EDTA.2H2O), which stabilizes 
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the metallic ions in the solution, and a stabilization agent (NH4OH), which regulates the pH 
of the bath. The reduction of the metallic salt on the catalytic surface of the support (equation 
2.6) is induced by a reducing agent (e.g. hydrazine) that is oxidized into nitrogen and water to 
release electrons (equation 2.5).  
𝑁2𝐻4 (𝑎𝑞) + 4 𝑂𝐻
−(𝑎𝑞) → 𝑁2(𝑔) + 4 𝐻2𝑂(𝑙) + 4 𝑒
− (2.5) 
2 𝑃𝑑(𝑁𝐻3)4
2+(𝑎𝑞) + 4 𝑒− → 2 𝑃𝑑(𝑠) + 8 𝑁𝐻3(𝑎𝑞) (2.6) 
As the reaction proceeds, additional palladium nuclei are generated and, as a result, the 
reaction rate increases rapidly until a continuous palladium layer is formed. The reduction of 
surface area available for reaction, caused by the deposition and proximity of the palladium 
nuclei, lowers the reaction rate and the process has to be carefully controlled to ensure the 
formation of an even and homogeneous layer of palladium with the desired thickness [76]. 
After the ELP procedure, the membrane is thermally treated at 450 ºC for 2 hours. 
 
2.5 Ceramic hollow fibres  
Hollow fibres (HF) are a type of micro-tubular membranes and can be classified according to 
morphology, i.e. dense or porous and asymmetric or symmetric, and material, i.e. inorganic 
or organic [45]. Organic hollow fibres are less chemical and thermally stable, which limit 
their applications in processes with high temperature and harsh environment. On the other 
hand, inorganic hollow fibres are thermal and chemically stable and can thus be applied for 
filtration of corrosive fluids, high temperature reaction [34, 37, 39], membrane contactors 
[77], solid oxide fuel cells [78-80] and as a membrane support [36, 54, 81].  
Inorganic hollow fibre membranes, especially the one with an asymmetric structure, possess a 
high surface area to volume ratio and are ideal for compact reaction systems [36]. 
Asymmetric hollow fibres typically consist of a plurality of large micro-channel or micro-
voids, to promote geometric surface area and gas diffusion, and one or multiple sponge-like 
layers with small pore size for separation and to improve mechanical strength (Figure 2.12) 
[82]. Therefore, hollow fibres with such a morphology can be employed as porous or dense 
membranes, as a matrix for catalyst deposition and as a support for membrane [36, 82].   
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Figure 2.12 – Cross-sectional SEM image of the asymmetric structure of an alumina hollow 
fibre [82]. 
The incorporation of catalyst into the asymmetric hollow fibres is greatly affected by the 
morphology of the hollow fibre, specifically the pore size of the micro-channels entrance. 
Sol-gel Penchini method and wet incipient impregnation are usually preferred for the 
incorporation of catalyst in hollow fibre with small micro-channels entrances (pore size < 10 
µm) [31, 34-36, 41]. On the other hand, conventional technologies such as wash-coating can 
be implemented when the entrances of micro-channels are at least 3 times greater than the 
catalyst particle size [40]. The volume of the micro-channel is also a determining factor for 
the effectiveness of the catalyst deposition, as it defines the amount of catalyst than can be 
incorporated. 
The properties of the separation layer are largely determined by the pore size of the outer 
sponge-like layer since, as discussed in the previous sections, a thin defect-free membrane 
can only be achieved when the surface of the support has small pore size and is smooth. For 
membrane reactor applications, the resistance of gas permeation through the hollow fibre 
substrate needs to be minimised in order to achieve high conversions and high permeation 
fluxes [82]. Furthermore, the hollow fibre material needs to be: inert to both reactants and 
products of the reactions, so there is no disruption of the production process; thermally 
resistant in the range of operating temperatures; and with small dimensions (millimetre range) 
in order to maximize the surface area to volume ratio. 
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2.5.1 Fabrication of ceramic hollow fibres 
The commercialization of ceramic hollow fibre membranes is limited because of the lack of 
methods available for fabrication at a low cost [36, 45]. Conventional fabrication methods, 
such as extrusion, produce exclusively symmetric hollow fibres and, as a result, additional 
steps, e.g. incorporation of an intermediate layer by sol-gel method, are required in order to 
achieve the much desired asymmetric structure. On the other hand, both symmetric and 
asymmetric hollow fibres can be prepared in a single step by a viscous-fingering induced 
phase-inversion and sintering technique [36, 45]. Three main steps are involved in this 
method as shown in Figure 2.13: preparation of ceramic spinning suspension, spinning of 
hollow fibre precursors and sintering [36, 45, 54]. 
 
Figure 2.13 – Ceramic hollow fibres preparation steps. 
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2.5.1.1  Preparation of a ceramic spinning suspension 
A ceramic suspension is composed of four main components, i.e. a solvent, a ceramic 
powder, a polymer binder and additives such as dispersant agents, plasticizers and pore 
formers. The selection of the solvent is carried out aiming a complete dissolution of the 
polymer binder and additives, ensuring a homogeneous suspension, and a high exchange rate 
with a non-solvent, which greatly affects the final morphology and micro-structure of the 
hollow fibre [45, 83]. Furthermore, the homogeneity of the ceramic suspension is improved 
by the addition of a dispersant that prevents and eliminates the formation of soft ceramic 
agglomerates and, therefore, facilitates the spinning process and reduces the defect formation. 
The main role of the polymer binder is to bind the ceramic particles, as during the spinning 
process the polymer precipitates when in contact with a non-solvent bath and 
immobilizes/binds the ceramic particles, forming the hollow fibre precursor during phase 
inversion. Furthermore, the selection of the polymer must aim for its complete 
degradation/removal during the sintering step.  
The ceramic powder is the most important component of a ceramic suspension, as after 
sintering it is the only component left and, consequently, defines the properties of the hollow 
fibre. However, the incorporation of additives can help to pre-design the microstructure of the 
hollow fibre. A wide range of ceramic oxides (e.g. alumina oxide and titanium dioxide), 
perovskites and mixed oxides have been employed in the fabrication of ceramic hollow fibres 
[54]. The shape, particle size and size distribution of the ceramic particles affect the porosity, 
pore size and pore size distribution of the final membranes. The maximum pore size of the 
hollow fibre sponge-like structures can be reduced by using smaller ceramic particles (e.g. 10 
nm alumina particles). On the other hand, the average pore size is not significantly influenced 
by the content of small particles, as shown in Figure 2.14. The surface porosity and the 
volumetric porosity of the hollow fibre increase as the amount of the small particles increases 
(Figure 2.15) [36, 83]. However, the ceramic suspension prepared exclusively with 10 nm 
Al2O3 particles presented high viscosity, which is attributed to the high surface area of the 
nanoparticles, and could hardly be spun [83]. 
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Figure 2.14 – Effect of 0.01µm Al2O3 on the membrane pore size [83]. 
 
 
Figure 2.15 – Effect of 0.01µm Al2O3 on the surface porosity and the volumetric porosity 
[83]. 
Tan et al. [45] suggested generic rules to adopt when defining the composition of the ceramic 
suspension: i.e. the amount of solvent should be the minimum required to ensure the 
homogeneity of the suspension; the amount of dispersant must be enough to ensure the 
stability of the suspension; and, the organic/ceramic compound ratio should be as low as 
possible. The composition (e.g. the ratio ceramic powder/polymer binder) and the properties 
of the ceramic particles (e.g. particle size and particle size distribution) define the pore size of 
the hollow fibre sponge-like structures. 
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2.5.1.2 Phase-inversion 
The morphology of the hollow fibre is mainly defined during phase-inversion. The formation 
of the micro-channels is initiated due to a difference in viscosity between the ceramic 
suspension and the non-solvent. More specifically, the less viscous fluid (non-solvent) tends 
to intrude into the ceramic suspension due to the viscous fingering phenomenon and, as a 
result, the finger-like voids are formed. The success of the phase-inversion process, as well as 
the morphology of the hollow fibre precursor, is determined by the relative viscosity of the 
two fluids, the precipitation rate of the polymer and the spinning parameters (air gap, 
extrusion rate of ceramic suspension and flow rate of internal coagulant). Kingsbury et al. 
[36] studied the effect of air gap on the morphology of the hollow fibres, using for that 
purpose a ceramic suspension of 58.7 wt. % Al2O3, a mixture of NMP/H2O as bore fluid and 
H2O as outer coagulant. The formation of micro-channels in both inner and outer surface of 
the hollow fibre varies significantly with the air gap: as the air gap increases, the length of the 
micro-channels located on the outer surface is reduced until being eliminated. Meanwhile, the 
micro-channels at the inner surface keep increasing in length, as can be seen in Figure 2.16. 
For an air gap of 0 cm, micro-channels with similar lengths were formed in both inner and 
outer regions, having a sponge-like structure in the middle (Figure 2.16 (a)). On the other 
hand, an air gap of 2 cm led to a structure mainly with finger-like voids from the inner 
surface, which represents around 50% of the hollow fibre cross section. The outer surface is 
essentially a sponge-like structure with small finger-like voids and corresponds to 35% of the 
cross section (Figure 2.16 (b)). The finger-like voids located at the outer surface were fully 
eliminated with an air-gap of 15 cm. In this case, the finger-like void region corresponds to 
80% and the sponge layer to 20 % of the cross-sectional area (Figure 2.16 (c)). Small finger-
like voids were present in the sponge-like layer, but they were eliminated during the sintering 
step at a temperature of 1600 ºC (Figure 2.16 (e)). The formation of the outer sponge-like 
layer is initiated when the hollow fibre precursor contacts with air and, consequently, the 
viscosity of the suspension/air interface increases by solvent and moisture condensation. As 
the hollow fibre precursor is immersed in the coagulation bath, the non-solvent diffuses 
through the sponge-like region and when reaching the less viscous area, the finger-like voids 
start to be formed. 
 The thickness of the sponge-like layer can be controlled by the length of air-gap. Kingsbury 
et al. [36] concluded that by increasing the air-gap, the thickness of the sponge-like layer 
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decreases. Additionally, the flow rate of the internal coagulant also affects the thickness of 
the sponge-like region of the hollow fibre: thinner sponge-like layers are obtained for higher 
flow rate. The size and length of the finger-like voids can be manipulated by varying the 
spinning parameters, e.g. air gap, internal coagulant composition and flow rate. For low flow 
rates of internal coagulant, the driving-force for finger formation is not sufficient to promote 
the diffusion of the coagulant through the suspension and, as a result, a denser sponge-like 
layer is formed [36].  
 
 
Figure 2.16 – Cross sectional images of precursor fibres (a-c) and sintered fibre (d-g): (a) 0 
cm air gap, (b) 2 cm air gap; (c) 15 cm air gap; (d) outer edge (15 cm air gap) sintered at 
1450 ºC; (e) outer edge (15 cm air gap) sintered at 1600 ºC; (f) 15 cm air gap sintered at 1450 
ºC; (g) an isolated avoid [36].  
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In the field of  solid oxide fuel cell [84], dense hollow fibre membranes for oxygen separation 
[85] and hollow fibre membranes for micro-filtration [86], ceramic hollow fibre with long 
and widely open micro-channels have been fabricated (Figure 2.17). The major reason of 
forming such a significant asymmetric structure is the use of solvent-based internal 
coagulant, allowing the micro-channels to initiate from the region below the outer surface to 
grow continuously until penetrating through the inner surface. This highly asymmetric hollow 
fibres were prepared by wet-spinning, i.e. an air gap of 0 cm. 
 
 
Figure 2.17 – SEM images of (a) whole view, (b) close-up cross-sectional view, (c) inner 
surface at low magnification, (d) outer surface at low magnification, (e) inner surface at high 
magnification and (f) outer surface at high magnification of Al2O3 hollow fibre sintered at 
1342 °C [86]. 
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2.5.1.3 Sintering 
The hollow fibre precursor has low mechanical strength, which is greatly increased during the 
sintering process. The sintering profile varies according to the ceramic material and the 
polymer binder selected. The pore size of the hollow fibre membrane, as well as the 
volumetric porosity and the surface porosity, is reduced with the increase of the sintering 
temperature [83]. The length and diameter of the hollow fibres is also reduced during the 
sintering procedure, since shrinkage occurs in all directions. 
Sintering of hollow fibre membrane precursors can involve an initial heating (pre-sintering), 
a thermolysis and a final sintering. The minimum temperature required for the sintering 
process is around half of the melting temperature of the material, which aims to achieve the 
required degree of atomic diffusion for solid state sintering [87]. In the pre-sintering stage, 
remaining water on the surface or chemically held within the inorganic phases is removed 
from the hollow fibre precursor. In order to avoid the formation of cracks or even the fracture 
of the hollow fibre, the vaporization of the water should be carried out under controlled 
conditions (e.g. at low temperature). 
The removal of organic components, i.e. polymer binder and dispersant, from the precursor is 
carried out during thermolysis process. With the aim of avoiding deformation, distortion, 
formation of defects and uncontrolled expansion of the pores, the thermolysis must be 
performed at specific operating conditions. These are defined by the composition of the 
organic components, composition and flow of the gas encompassing the precursor, 
microstructure of the ceramic powder and the dynamic changes in the microstructure 
resulting from the removal of the polymer binder.  
The final sintering occurs at the highest temperature and aims to stimulate grain growth and 
coalescence, as shown in Figure 2.18. It is hypothesised to occur in three stages as 
temperature is increased; the initial, intermediate and final stage [88].  Each stage is 
characterised by different particle movement patterns as a result of pore shrinkage and grain 
coarsening. Changes in temperature of the sintering process need to be programmed and 
customized according to the type of material used. As a general trend, rapid densification 
with limited grain growth occurs at lower temperatures, while the opposite trend is observed 
at higher temperatures.  
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Figure 2.18 – A two-sphere sintering model representing various stages of sintering for grain 
growth in porous powder compacts: (a) particles of slightly varying size in contact; (b) neck 
growth due to surface diffusion between particles; and (c) grain growth [87].  
 
2.6 Catalyst for steam methane reforming and water-gas shift reaction 
2.6.1 Active component  
Industrial steam reforming catalysts are required to exhibit high activity and stability, great 
mechanical strength, suitable morphology to promote mass and heat transfer and a reasonable 
manufacturing cost [89]. Because in some cases these requirements conflict, the catalyst 
formulation needs to achieve a good balance between them.  
In 1968, Dowden predicted that noble metals would be catalytic active to SMR. This theory 
was proved by Kikuchi et al. [90], who investigated the catalytic activity of rhodium (Rh), 
ruthenium (Ru), nickel (Ni), iridium (Ir), palladium (Pd) and platinum (Pt) for SMR reaction. 
The catalysts were prepared with a metal loading of 5 wt. % using silica gel as a support, and 
tested at a temperature range from 350 ºC to 500 ºC. Based on the methane conversion, Rh 
and Ro were the most active catalysts, reaching a conversion of 48 %, followed by Ni, with 
42 %, Ir, with 35 %, and Pd and Pt, both with 27 % (Figure 2.19). A similar catalytic ranking 
was obtained by Rostrup-Nielsen et al. [91], using the same metals supported on magnesia or 
alumina for ethane steam reforming (ESR).  
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Figure 2.19 – Temperature dependent methane conversion for different catalysts [90]. 
 
Jones et al. [92] also investigated the performance of the same metals for SMR using a 
packed-bed reactor configuration, a temperature of 500 ºC and a steam/methane ratio of 4:1. 
The catalysts were submitted to an aging process over 600 h, in a hydrogen atmosphere, at 
temperatures between 500 ºC to 830 ºC and at 31 bars. The catalysts activity was determined 
based on the turn-over frequencies (TOF), which is the reactivity of methane per surface 
atom and the activity rank obtained was: Ru > Rh > Ni > Pt > Ir > Pd. Despite the higher 
activity of Ru and Rh, Ni is the most common industrial catalyst for SMR process due to its 
lower cost and reasonable catalytic activity. The use of Pt, Pd and Ir as SMR catalysts is not a 
viable option since they present lower catalytic activity and are more expensive than Ni. 
However, nickel-based catalysts are highly susceptible to oxidation, sulfur poisoning, 
sintering and carbon deposition, resulting in catalyst deactivation and, consequently, low 
performances [93, 94]. All these deactivation routes are interconnected. Nickel oxidation 
occurs at high steam to methane feed ratios and temperatures below 500 °C. At low 
temperatures, from 100 to 300 oC, the conversion of methane is usually low and, as a result, 
the concentration of steam, which is an oxidizing agent, is greater than hydrogen. This leads 
to a preferential oxidation of nickel to nickel oxide, resulting in a loss of catalytic activity. On 
the other hand, Ru and Rh-base catalysts are not susceptible to oxidation [93].  
Permanent deactivation of Ni catalysts by poisoning can arise when sulphur, even in small 
concentrations (ppb), is present in the feed and the operating temperature is below 700 °C. 
Sulphur, when in contact with H2 produced in SMR reactions, reacts to form hydrogen 
Chapter 2                                                                                                                                       Literature Review  
 
 
64 
 
sulphide, which then severely adsorbs onto the Ni surface. Consequently, the catalyst 
deactivates due to blockage of active sites [93]. 
Carbon formation is another cause of catalyst deactivation in SMR due to the endothermic 
nature of the reaction, which can induce a temperature drop at the surface of the catalyst. 
Three types of carbon can be generated by CH4 decomposition or CO disproportionation: 
pyrolytic, encapsulating or gum and whisker carbon [93]. Pyrolytic carbon is usually formed 
at high temperatures and under high concentrations of hydrocarbons (Figure 2.20 A). On the 
other hand, encapsulating carbon, also named gum, is mainly formed at low temperatures and 
low steam to hydrocarbon ratios by the formation of graphite layers or polymerization of 
hydrocarbons films on the surface of the catalyst particles (Figure 2.20 B). However, the 
most destructive form of carbon is the whisker carbon. Usually, whisker carbon is formed at 
low steam to hydrocarbon ratios and moderate temperatures by the reaction of CO with CnHm 
[93, 95]. The nucleation of carbon occurs on one side of the metal particle and, as it grows, 
lifts the metal causing the fragmentation of the catalyst, as shown in Figure 2.20 C.  Carbon 
formation is more severe in nickel. Noble metals such as rhodium and ruthenium, on the 
other hand, do not dissolve carbon to such a great extent and are, therefore, more resistant to 
carbon formation. 
 
 
Figure 2.20 – TEM images of pyrolytic carbon (A), encapsulating carbon (B), and whisker 
carbon (C) on Ni/MgAl2O4 reforming catalyst [93]. 
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The sintering of the catalyst is a physical process in which metallic particles grow in size, 
reducing the surface area of the catalyst. This process usually involves two steps, i.e. 
migration of the atoms and coalescence. The activity of the catalyst, as well as the carbon 
formation and the sulphur poisoning, is affected by this phenomenon.  
Activity and stability of nickel catalyst can be improved by both selection of the support and 
addition of promoters. The main role of the catalyst support is to provide a large surface area 
on which the active phase is highly dispersed, thus reducing sintering while providing 
mechanical strength.  On the other hand, the addition of promoters, also named secondary 
supports, aim to provide structural, textural, electronic or poison resistant characteristics [95]. 
 
2.6.2 Catalyst support 
Catalyst supports behave very differently depending on the active metals incorporated and, 
consequently, the conclusions drawn from other metals do not apply for nickel. The selection 
of the support is usually carried out according to morphological properties (e.g. surface area) 
and chemical and thermal stabilities. 
The thermal stability of a support material is usully evaluated based on Tamman temperature 
and the possibility of phase transitions within the temperature operating range, since different 
phases can have different surface areas. Tamman temperature is defined as the temperature at 
which solid particles become mobile and start coalescing, and it is estimated empirically at 
half of the melting temperature of the material [96]. Metal oxides are the most common 
choice for catalyst support due to their Tamman temperatures. For exemple α-Al2O3, SiO2, 
MgO2 and CeO2 present a Tamman temperature of 1159 °C, 987 °C, 1537 °C and 1437°C, 
respectively [97].  
Among the several metallic oxides available, silicon dioxide (SiO2), magnesium oxide 
(MgO), cerium dioxide (CeO2) and, specially, alumina oxide (Al2O3) are the most commonly 
used [98]. Despite providing basic function and promote carbon gasification, MgO must be 
combined with other supports in order to reduce its susceptibility to hydration, which results 
in the disintegration of the catalyst [99]. Similarly, CeO2 is usually employed as secondary 
support due to its high oxygen storage capacity that prevents coke formation. 
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Al2O3 is the most common support for SMR catalysts, as it is an inexpensive material that 
can be easily prepared. The presence of acidic hydroxyl groups on the Al2O3 surface provides 
adsorption sites for catalytic precursors [96]. However, Wu et al. [95] reported several 
problems associated to Al2O3 supports, such as Ni deactivation promoted by carbon 
deposition and metal loss, the formation of spinel and the presence of inactive NiAl2O4 phase 
in the reaction medium.  
Although a popular support material, SiO2 is not suitable for SMR catalysts since in pure 
form it can be volatised by steam at high temperatures and pressures [91]. However, when 
firmly bound to other basic material, such as ZrO2, SiO2 can still be employed as catalyst 
support without suffering volatilisation [100]. A particular form of amorphous silica, Santa 
Barbara Amorphous 15 (SBA-15), with a mesoporous structure is a promising catalyst 
support due to its a high surface area, large pore volume, uniform pore size distribution, thick 
pore wall and good thermal stability. The nickel particles can be stored inside SBA-15 pores 
and, consequently, prevent the nickel sintering, the metal loss and the formation of large 
ensembles [95, 101].  
 
2.6.2.1 Santa Barbara Amorphous 15 (SBA-15) 
The SBA-15 was developed and named after the University of California, Santa Barbara. 
SBA-15 has a hexagonal structure, as shown in Figure 2.21, with pore sizes that can reach up 
to 300 Å, depending on the method of synthesis. It has a thick uniform wall (31-64 Å), which 
gives a much higher hydrothermal stability when compared with Mobile Crystalline Material 
(MCM-41). SBA-15 also displays a high specific surface area that is critical for high reaction 
rates [101]. 
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Figure 2.21 – Electron microscopy images of SBA-15 with pore diameter of 105 Å [102]. 
 
Wan [94] investigated the catalytic performance of Ni/SBA-15 catalysts for SMR by 
preparing catalyst with different loadings (from 5 to 20 wt. %) and testing them under 
different steam to methane ratios. Additionally, the effect of ZrO2, Ce0.5Zr0.5O2 and CeO2 
addition on catalytic performance was evaluated. Although all types of catalysts showed high 
conversions at temperatures between 700 and 850˚C, 10%Ni/CeO2/SBA-15 showed the 
highest one. A stability test was performed with 10 wt% Ni/SBA-15, at 800 °C, over 740 h, 
showing an insignificant conversion drop of 0.4% and, therefore, proving the high stability of 
the catalyst.  
 
2.6.3 Preparation methods 
The methodology and properties of raw materials employed in the preparation of 
heterogeneous catalysts define the physical and chemical characteristics of the final catalyst. 
Precipitation, wet impregnation and sol-gel method are the most common preparation 
methods of heterogeneous catalysts. In precipitation method, the catalyst or the support is 
obtained from a supersaturated liquid solution. Three steps are involved, i.e supersaturation, 
nucleation and growth. The supersaturation of a solution is usually achieved through 
increasing its concentration by solvent evaporation, cooling or increasing the pH of the 
solution. The formation of the particles by nucleation occurs in the supersaturated solution 
either spontaneously (homogeneous nucleation) or in the presence of solid impurities (seeds), 
which accelerates the formation of particles in the solution (heterogeneous nucleation). The 
subsequent growth process is dependent on the concentration of the solution, temperature, pH 
and amount of seeds present. After the filtration of the precipitate, a drying and a calcination 
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steps are followed in order to remove solvents and decompose intermediates [103]. 
Precipitation is usually employed to prepare single component catalysts and supports or 
mixed catalysts with high loading.  
Wet impregnation is a simple method in which the support contacts with a metal salt solution 
for a specified period of time. After dried, the catalyst is activated by calcination and 
reduction. The final catalyst loading is limited by the solvent absorption capacity of the 
support, and can be manipulated by varying the concentration of the impregnating solution 
depending on the target loading. 
The sol-gel method is a wet-chemical technique involving the synthesis of metal oxides from 
a colloidal solution, which acts as a precursor of a gel-like two-phase system consisting of 
both liquid and solid phases. The morphology of the solid phase under this type of system can 
vary from discrete particles to continuous polymer network arrangements. The synthesis of 
SBA-15 by the sol-gel method involves a solvent, a catalyst, a silica source and an 
amphiphilic block copolymer which acts as a template. After the phase transition from liquid 
to gel by solvent evaporation, a calcination step is followed aiming the removal of organic 
components. This process can be applied for the deposition of materials on substrates with 
convoluted surfaces and high surface areas [35, 104]. Furthermore, a sol-gel based process 
can be applied for the preparation in-situ of supports or catalyst in hollow fibres.  
The SBA-15 catalysts are usually prepared by the sol-gel method either in a single step, in 
which preparation of SBA-15 and deposition of metal particle are carried out simultaneously; 
or in a two stage process by firstly preparing SBA-15 by sol-gel method, followed by the wet 
incipient impregnation of the metal [105].  
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Chapter 3  
Preparation, Characterization and Catalytic Performance of 
Ni/SBA-15 Catalysts  
 
3.1 Abstract 
This chapter focuses on the preparation, characterization and catalytic performance of 
Ni/SBA-15 catalysts for the combined steam methane reforming (SMR) and water gas shift 
(WGS) reaction. Specific efforts have been directed towards investigating the effect of the 
preparation method on the properties of SBA-15, which largely determines how the catalysts 
can be incorporated into the micro-structured ceramic hollow fibres to develop catalytic 
hollow fibre reactors (Chapter 4) and catalytic hollow fibre membrane reactors (Chapter 6). 
The effect of Ni loading (5 to 25 wt. %) on the catalytic performance was first investigated 
using the SBA-15 prepared via a sol-gel method, as this methodology has been used in 
previous studies, in similar topics, while using ceramic hollow fibres of different micro-
structures. Effect of SBA-15 preparation method (sol-gel and hydrothermal methods) on the 
catalyst properties and performance was then systematically investigated in a packed-bed 
reactor, using a fixed Ni loading of 25 wt. %. For the purpose of comparison, a commercially 
available SBA-15 powder was also employed. Apart from the different distribution and 
particle size of Ni, the interaction between Ni and SBA-15 is considered as the major reason 
for the difference in catalytic performance. 
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3.2 Introduction 
The growing concerns over the global climate change have led to the development of 
numerous processes and technologies for generation of cleaner energy, with reduced 
production and/or emission of greenhouse gases, particularly CO2 [1-3]. Hydrogen has been 
widely acknowledged as a clean energy carrier and is an essential feedstock for oil refining 
and the production of various petrochemicals [4, 5]. So far, mass production of hydrogen is 
still dominated by steam reforming of fossil fuels, in which methane is a preferred choice due 
to the high H/C ratio and extensive availability [4]. The reforming of methane consists of two 
equilibrium-limited reactions: steam methane reforming (SMR), a highly endothermic 
reaction converting methane into CO and H2 (equation 3.1); and water-gas shift (WGS), an 
exothermic reaction converting CO into CO2 and producing additional H2 (equation 3.2) [6, 
7]. The overall reaction is given in equation 3.3.  
CH4 +  H2O ↔ CO + 3H2            ∆H298 =  +206.1 kJ. mol
−1 (3.1) 
CO +  H2O ↔  CO2 +  H2            ∆H298 =  −41.15 kJ. mol
−1 (3.2) 
CH4 + 2H2O ↔  CO2 + 4H2       ∆H298 = +165.0 kJ. mol
−1 (3.3) 
 
Due to major differences in thermodynamics and operating conditions, SMR and WGS 
reactions are usually performed in separate reactors using different catalysts. The SMR 
reaction requires high operating temperatures (> 800°C) and pressures (30 bar) and is usually 
performed over a nickel-based catalyst supported on aluminium oxide (Al2O3). On the other 
hand, the WGS reaction can be performed at 200°C or 400°C, using copper-based or iron-
based catalysts, respectively. The main requirements for the catalysts involved include high 
activity and stability, great mechanical strength, suitable morphology to promote mass and 
heat transfer and a reasonable manufacturing cost [8]. In many cases, the final catalyst 
formulation has to reach a good balance between all these requirements. Nickel-based 
catalysts are a viable option for many reforming reactions since it presents reasonable activity 
and low cost [9]. However, nickel-based catalysts tend to suffer from deactivation due to 
oxidation, carbon formation, sulphur poisoning and sintering [10, 11]. The activity and 
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stability of nickel-based catalysts can be improved by carefully selecting the supports, since 
the dispersion of Ni is strongly affected by the surface area and the pore size of the support, 
which further affects the catalyst performance [12].  
Al2O3 is commonly used as a support of reforming catalysts in the form of pellets. 
Nevertheless, several problems have been reported by Wu et al. [12] when Al2O3 supports are 
used together with Ni, such as easy deactivation promoted by carbon deposition and metal 
loss, and the formation of spinel and inactive nickel aluminate (NiAl2O4). A mesoporous 
material, e.g. Santa Barbara Amorphous 15 (SBA-15) silica, emerges as a good support for 
nickel-based catalysts since it has a high surface area, large pore volume, controllable and 
uniform pore size distribution, thick pore wall and reasonable thermal stability [13]. The 
nickel particles can thus be highly dispersed on the surface and inside the organised 
channels/pores of SBA-15 and, as a result, prevent the nickel sintering and the metal loss [11, 
12].  
The configuration and dimension of the catalyst support are also crucial, in terms of 
promoting the interaction between reactants and catalyst. Catalysts in pellet shapes (sphere, 
cylindrical extrudate, ring, etc.) are usually preferred in order to reduce the pressure drop 
along the packed-bed reactor (PBR). However, heat and mass transfer inside the PBR can still 
be inefficient and, therefore, undesired temperature and concentration profiles can lead to 
catalyst deactivation. Alternatively, the use of micro-structured catalytic hollow fibres has 
been proved efficient in promoting heat and mass transfer, apart from an ideal flow of 
reactants [14-18].  
A micro-structured ceramic hollow fibre (HF), which usually consists of sponge-like layers 
and a plurality of self-organized micro-channels, can be considered as a micro-structured 
system or device. A catalyst can be either dispersed throughout the whole hollow fibre or be 
only stored inside the micro-channels, working as hundreds of micro-reactors with better heat 
and mass transfer efficiencies. Moreover, the unique radial micro-channels significantly 
increase the surface area available for the reaction, which leads to a highly dispersed catalyst 
and subsequently a boost in the performance when compared with PBR [19, 20].  
The methodology for incorporation of catalysts is closely related with the morphology of the 
micro-structured ceramic HFs, especially the pore size of the inner surface. A two-step 
process, which consists of the deposition of catalyst supports, e.g. SBA-15, by a sol-gel 
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method, followed by the incorporation of an active phase, e.g. Ni, by wet incipient 
impregnation, can be virtually used for all types of ceramic HFs [19-23]. On the other hand, 
the incorporation of powder catalysts with pre-determined formulations can be carried out via 
conventional processes, such as wash coating, as long as the pore size of HF surface is 
sufficiently large. Alternatively, the particle size of the catalysts is small enough to get access 
to the radial micro-channels. Up to date, incorporating catalysts into porous micro-structured 
Al2O3 hollow fibres has been mainly attempted by the former two-step process due to the 
small pore size (< 5 µm) of the micro-channel entrances at the inner surface of the HF. 
However, this methodology does not allow a precise control over the catalyst formulation and 
distribution of the active phase. Kingsbury et al. [23] reviewed the development of catalytic 
hollow fibre membrane reactors, in which the two-step process, i.e. deposition of SBA-15 via 
a sol-gel step followed by impregnation of Pt, was considered efficient in improving the 
catalytic performance. This was mainly attributed to the high specific surface area of the 
mesoporous SBA-15. Additionally, wash-coating of Pt (0.5 wt. %)/γ-alumina catalyst 
prepared using nano-sized γ-alumina particles (60 nm) was also performed, but the overall 
performance was limited by the amount of catalyst that could be incorporated into the HF 
[23]. As a result, further improvement in the HF morphology, especially the size of the radial 
micro-channels entrances, is crucial to facilitate the incorporation of catalysts. 
There have been several studies on micro-structured catalytic hollow fibres reported in 
literature [19, 20, 24, 25]. However, there is still no systematic study addressing how the 
catalyst preparation process, especially the method to form the secondary support, affects the 
catalyst incorporation and catalytic performance. As a result, this chapter uses Ni/SBA-15 
catalyst as a test case to evaluate the viability of different SBA-15 preparation methods and, 
at the same time, their effect on catalytic performance and on catalyst incorporation. The 
effect of Ni loading (5-25wt. %) on catalytic performance was investigated by using SBA-15 
prepared via a sol-gel process. Additionally, the impact of different SBA-15 preparation 
methods, i.e. sol-gel and hydrothermal methods, on the catalyst micro-structure and 
performance was evaluated using a fixed Ni loading of 25wt.%, and compared with a third 
type of SBA-15 that is commercially available. The outcome of this chapter was used to 
further guide the development of catalytic hollow fibre (CHF) and catalytic hollow fibre 
membrane reactor (CHFMR) in Chapter 4 and Chapter 6, respectively. 
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3.3 Experimental  
3.3.1 Chemicals and materials 
For the preparation of SBA-15 by sol-gel method, pluronic P123 (poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) copolymer, MW = 5800, Sigma 
Aldrich), absolute ethanol (VWR) and hydrochloric acid (HCl, 12M, VWR) were used as 
polymer template, solvent and catalyst, respectively. Tetraethyl orthosilicate (TEOS, Sigma 
Aldrich) was used as a silica precursor. For the synthesis of SBA-15 by the hydrothermal 
method, deionised water was used as solvent, Pluronic P123 as polymer template, HCl as 
catalyst, potassium chloride (KCl, AnalaR, VWR) as stabilization agent and TEOS as silica 
precursor. The commercial grade SBA-15, with a surface area of 624 m2.g-1, was purchased 
from ACS materials. The nickel source was nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, 
Sigma Aldrich). 
 
3.3.2 Preparation of Santa Barbara Amorphous (SBA-15)  
Sol-gel method (SGM) 
The preparation of SBA-15 sol involves the dissolution of 5.0 g of Pluronic P123 in a mixture 
of 25 g of absolute ethanol and 2 g of HCl (1M) using magnetic stirring (RCT basics, Ika), 
followed by the addition of 10.4 g of TEOS with continuous stirring. As shown in Figure 3.1, 
the phase transition of SBA-15 from sol to gel was carried out in a fan oven (Salvislab 
Thermocentre 314-524/08) at 40 °C for 24 h. The SBA-15 gel was then calcined in a tubular 
furnace (Elite TSH17/75/450) at 600 °C for 5 h, with a heating rate of 1 °C∙min-1. 
 
Figure 3.1 – Schematic diagram of the preparation of SBA-15 by the sol-gel method. 
 
40 C
24h
600 C
5h
1 C·min-1
SBA-15 Sol SBA-15 Gel SBA-15 Powder
Chapter 3                          Preparation, Characterization and Catalytic Performance of Ni/SBA-15 Catalysts 
 
 
84 
 
Hydrothermal method (HTM) 
To prepare SBA-15 by hydrothermal method, 30 g of deionised water, 120 g of  HCl (2M) 
and 4 g of Pluronic P123 were mixed, using a magnetic stirrer (RCT basics, Ika), for 2 h.  
The stabilization agent, 2.5 g of KCl, was then added and the emulsion further stirred for 2 h. 
Finally, 8.5 g of TEOS were summed and the formulation stirred for additional 20 h. The 
mixture was then transferred into hermetically sealed PTFE bottles (50 mL) and placed in the 
fan oven for 48 h at 100 °C for aging purpose, as shown in Figure 3.2. The SBA-15 particles 
were filtered under vacuum (Welch 2025 Vacuum Pump), washed thoroughly with deionised 
water and dried in the fan oven at 35 °C for 24 h. The resulting powder was then calcined in 
the tubular furnace at 550 °C for 6 h at a heating rate of 1 °C∙min-1.  
 
Figure 3.2 – Schematic diagram of the preparation of SBA-15 by the hydrothermal method. 
 
3.3.3  Incipient wetness impregnation of nickel  
Nickel (Ni), as the catalytic active phase, was loaded onto SBA-15 via incipient wetness 
impregnation, using ethanol based nickel nitrate solution (loadings varying from 5% to 25 
wt. % of Ni) (Figure 3.3). In order to ensure a homogeneous distribution of the Ni in the 
SBA-15, the removal of ethanol was performed in a rotor evaporator (Büchi Rotavapor-R). 
The nickel nitrate (Ni(NO3)2) was then oxidized to nickel oxide (NiO) at 550 °C for 6 h, 
using a heating rate of 1 °C∙min-1. Prior to the catalytic performance test, the NiO was 
reduced to Ni at 450 °C using H2. 
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Figure 3.3 – Schematic representation of the incipient wetness impregnation of Ni(NO3)2 on 
SBA-15. 
 
3.3.4 Characterization 
The morphology of the SBA-15 prepared by different methods and commercially available, 
as well as the corresponding unreduced Ni/SBA-15 catalysts, was investigated by scanning 
electron microscopy (JEOL JSM – 5610LV and LEO Gemini 1525 FEG) and transmission 
electron microscopy (TEM, GEM 2100F). Prior to the SEM analysis, the samples were gold 
coated in a vacuum chamber (EMITECH Model K550) for 2 min at 20 mA. 
The specific surface area and pore structure of SBA-15 and unreduced Ni/SBA-15 catalysts 
were investigated by Brunauer–Emmett–Teller (BET) test, in which N2 adsorption isotherms 
were measured at 77K using a Tristar 3000 volumetric system. In order to fully remove 
moisture from the mesoporous SBA-15, the samples were firstly degassed at 120 °C 
overnight under nitrogen atmosphere. The particle size distribution was analysed based on 
equivalent sphere diameter by a laser diffraction system (Malvern Mastersizer 2000). 
The phase composition of the catalysts was analysed by X-ray diffraction using a X’celerator 
detector (X’Pert PRO model), with a radiation source of Cu-Kα, a set voltage of 40 kV and 
set current of 20 mA. 
The temperature-programmed reduction (TPR) test was performed to investigate the 
temperature required to reduce the nickel oxide into active nickel metal. The TPR was carried 
out using 50 mg of sample, a temperature range from 25 to 700 °C, a heating rate of 10 °C 
∙min-1 and a hydrogen flow rate of 50 ml∙min-1. 
Ni(NO3) 2 solution
SBA-15
Rotor Evaporator
NiO/SBA-15
550 C
6h
1 C·min-1
Ni(NO3) 2 / SBA-15
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The potential presence of organic impurities in the SBA-15 materials was investigated by 
thermogravimetric analysis (TGA, TA Instruments, TGA Q500). The sample was loaded in a 
100 μL platinum pan and the measurements were performed at temperatures between 20 to 
800°C, a heating rate of 10 °C ∙min-1 and under nitrogen (40 mL·min-1) or air (60 mL·min-1) 
atmosphere.  
 
3.3.5 Catalytic performance  
The catalytic performance of Ni/SBA-15 catalysts was evaluated using a packed-bed reactor, 
as illustrated in the experimental apparatus presented in Figure 3.4. A mixture of 30 mg of 
catalyst and 2 g of silica carbide were packed in a 3/8’ stainless steel tube, forming a catalyst 
bed of 2 cm in length. After assembling the reactor with a heating coil, the module was 
placed in the centre of a tubular furnace (Vecstar SP HVT) and connected to inlet and outlet 
streams. The temperature of the furnace was controlled by a temperature controller (CAL 
9400) and monitored by a thermocouple (TC) located at the central position of the uniform 
heating zone. The flow rates of methane and sweep gas (Ar) were controlled by individual 
mass flow controllers (Brooks Instrument, model 5800), with a collective reader (Brooks 
Instrument, model 0254), and the flow rate of water (liquid) was controlled by a syringe 
pump (Chemix N5000). The composition of the outlet stream was analysed on-line by a gas 
chromatograph (Varian 3900) with a packed column (shincarbon, part nbr 19808) and the 
total effluent flow rate was monitored by a bubble flow meter. Digital pressure sensors (PE, 
Sick, 10 bar) were used to monitor inlet and outlet pressures.  
Prior to the catalytic activity test, the system was purged thoroughly with Ar (50 mL∙min-1) 
and the NiO/SBA-15 catalysts were reduced into Ni/SBA-15 under H2 atmosphere (10% 
H2/Ar of 50 mL∙min-1) at 450 °C for 2 h. 
The catalytic performance was investigated at temperatures between 300 °C and 525 °C, 
under atmospheric pressure, with a steam to methane ratio of 2. The stabilization time at each 
temperature was 1 hour. 
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Figure 3.4 – Schematic representation of the experimental apparatus for catalytic 
performance tests. 
 
The overall performance was evaluated based on effective CH4 conversion (XCH4) and CO2 
selectivity (SCO2), which are defined by the equations below: 
𝑋𝐶𝐻4 =
(𝐹𝐶𝑂 + 𝐹𝐶𝑂2)
𝐹𝐶𝐻4 𝐼𝑛𝑙𝑒𝑡
× 100% (3.4) 
𝑆𝐶𝑂2 =
𝐹𝐶𝑂2
(𝐹𝐶𝑂 + 𝐹𝐶𝑂2)
× 100% (3.5) 
 
where FCH4, FCO and FCO2 are the molar flow rates (mol∙min-1) of methane, carbon monoxide 
and carbon dioxide, respectively. 
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3.4 Results and discussion 
3.4.1 Effect of Ni loadings on catalytic activity 
Ni/SBA-15 catalysts with different Ni loadings (5-25 wt. %) were first prepared in order to 
investigate the effect of nickel loading on catalytic performance. The SBA-15 selected for 
this purpose was prepared by sol-gel method because this methodology has been adopted for 
incorporating similar catalysts into hollow fibres and can virtually be used for any type of 
ceramic hollow fibre supports [19].  
The impregnation of Ni on the SBA-15 had a substantial impact on the overall specific 
surface area and pore volume of the support. As shown in Figure 3.5, the increase in nickel 
loading leads to a significant reduction of the specific surface area and pore volume of SBA-
15, possibly caused by the deposition of the metal into the mesoporous channels and the 
blockage of surface pores. For catalysts with high nickel loadings (20 wt. % and 25 wt. %), 
the specific surface area and the pore volume did not change considerably, which suggests 
that most of the additional nickel was deposited onto the outer surface of the SBA-15. On the 
other hand, the variation of nickel loading had little effect on the average pore diameter, as it 
differs from 4.8 nm to 4.6 nm (Table 3.1).  
 
 
Figure 3.5 – Effect of nickel loading on specific surface area and pore volume of unreduced 
Ni/SBA-15 catalysts.  
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The phase composition of the catalysts and the pure substrate was evaluated by XRD, as 
shown in Figure 3.6. The distinctive peaks of SBA-15 and NiO phases can be clearly 
identified in all samples. The amorphous nature of the SBA-15 is represented by a wide peak 
of low intensity, located at the 2θ value of 21.8°. In contrast, the crystalline NiO shows sharp 
diffraction peaks, which became more intense as the nickel loading increases. The particle 
size of the NiO was estimated by the Scherrer equation using the full width at half maximum 
(FWHM) of the NiO peak at 43.3°. The particle size of NiO varies between 94 nm and 310 
nm, for 5 wt. % and 25 wt. % Ni/SBA-15, as presented in Table 3.1. This suggests that most 
of the NiO is located on the outer surface of the SBA-15, instead of inside the mesoporous 
channels of the SBA-15 (< 7 nm). 
 
 
Figure 3.6 – XRD patterns of unreduced Ni/SBA-15 catalysts with different metal loadings.  
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Table 3.1 – Properties of NiO/SBA-15 catalysts. 
Ni loading (wt. %) Pore Size (nm) Particle size of NiO (nm) 
0 4.8 - 
5 4.8 94 
10 4.8 120 
15 4.8 123 
20 4.7 271 
25 4.6 310 
 
 
TPR analysis was conducted in order to determine the minimum temperature required to 
perform catalyst reduction and to evaluate the distribution and interaction of Ni with the 
SBA-15 support. The profiles presented in Figure 3.7 show two well-defined peaks. The first 
peak, at temperatures between 346 °C and 425 °C, corresponds to the reduction of large 
crystallites of bulk NiO with negligible interaction with the support. The second peak, at 
temperatures between 463 °C and 565 °C, is attributed to the reduction of Ni(II) species, 
nickel silicates, or highly dispersed and small particles [11]. The intensity of the first peak, as 
well as the ratio between the area of the first and second reduction peaks (varying from 1.3 
for 5 wt. % Ni to 11.5 for 25 wt. % Ni), increases with nickel loading, which suggests the 
presence of a higher percentage of bulk NiO. Additionally, a variation in temperature at the 
maximum peak height was observed and can be explained based on the increase of Ni 
amount. The TPR profile of 5 wt. % Ni/SBA-15 catalysts suggests an even and high 
distribution of small NiO particles with strong interaction with the SBA-15 support. Despite 
the increase of nickel loading from 5 wt. % to 15 wt. %, neither the particle size of NiO nor 
the peak ratio (1.3 - 3.0) are significantly affected (Table 3.1). However, the number of 
smaller and highly dispersed NiO particles dramatically increases, requiring more energy to 
perform a full reduction. Furthermore, the TPR test was performed in a transient state with a 
high heating rate (10 °C·min-1), which can contribute to the translation of the peaks. On the 
other hand, for a nickel loading higher than 15%, the temperature at the maximum peak 
height tends to decrease. This occurs because the majority of the additional metal particles 
are in the form of bulk NiO, with large particle size (Table 3.1) and negligible interaction 
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with the support. Consequently, the reduction temperature is slightly lower than the 
counterparts. 
As this study aims the preparation of catalyst suitable for developing catalytic hollow fibres 
integrated with palladium (Pd) membrane, the operating temperature is constrained by the 
thermal stability of the Pd membrane. The integrity of palladium membranes can be 
compromised at temperatures above 550 °C and, usually, the annealing of these metal 
membranes is carried out at 450 °C. In order to combine the catalyst reduction with the Pd 
membrane annealing, the adopted reduction temperature was 450 °C. Nevertheless, a higher 
reduction temperature is suggested based on the TPR analysis. 
 
 
Figure 3.7 – TPR profiles of the catalysts with different nickel loadings. 
 
The overall performance of these catalysts was evaluated based on effective methane 
conversion and CO2 selectivity, as presented in Figure 3.8. The catalysts with 5 wt. % and 10 
wt. % Ni loading did not show catalytic activity at the selected operating temperatures, which 
might be attributed to the low reduction temperature (450 °C) adopted. As shown in the TPR 
results, the majority of the NiO particles of 5 and 10% Ni/SBA-15 catalyst have strong 
interactions with the support and, as a result, require a high reduction temperature. 
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Furthermore, the operating conditions, e.g. temperature and GHSV, also play an important 
role since catalysts with similar composition have been reported as catalytic active at 
temperatures above 700 °C and GHSV of 1.35x104 ml∙gcat-1∙h-1 [11]. 
As can be seen in Figure 3.8 A, the effective CH4 conversion increases with elevated 
temperatures due to the endothermic nature of the overall reforming reaction (equation 3.3). 
However, a small drop in conversion was observed for 15 wt. % Ni/SBA-15 catalyst at 
operating temperatures higher than 460 °C. This might be related to the deactivation of 
catalyst caused by carbon formation and/or encapsulation of nickel due to instability of the 
SBA-15 structure [26]. The highest effective CH4 conversion was obtained with 25 wt. % 
Ni/SBA-15 catalyst. CO2 selectivity of the catalysts with Ni loadings between 15 and 25 wt. 
% decreases with increasing temperatures, as expected from the thermodynamic point of 
view (Figure 3.8 B). Although the highest conversion is achieved for 25 wt. % Ni/SBA-15, 
the CO2 selectivity is similar to the 20 wt. % Ni/SBA-15. Therefore, a nickel loading of 25 
wt. % was adopted in further investigations regarding the effect of SBA-15 preparation 
methods on the catalyst micro-structures and catalytic performance.  
 
 
Figure 3.8 – Temperature dependent effective CH4 conversion (A) and CO2 selectivity (B) of 
different Ni/SBA-15 catalysts.  
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3.4.2 Effect of SBA-15 preparation method on properties and performance of 25 wt. % 
Ni/SBA-15 catalysts 
The physical properties of the SBA-15 substrates, either commercial grade (SBA-15 CG) or 
prepared by sol-gel method (SBA-15 SGM) and hydrothermal method (SBA-15 HTM), are 
very similar (Table 3.2), with the exception of the particle size. SBA-15 prepared by 
hydrothermal method presented the highest specific surface area, 677 m2 .g-1, followed by the 
SBA-15 obtained by sol-gel method and commercially available. The pore volume and the 
pore size of commercial SBA-15 are slightly higher than the others, which might be linked 
with the selection of silica source, polymer template or additives, such as micelle expanders. 
As anticipated, a reduction in specific surface area and pore volume was observed for all 
substrates after the deposition of nickel oxide. Furthermore, the average particle size of 
commercial, hydrothermal and sol-gel SBA-15 was 10, 28 and 183 µm, respectively. SEM 
images presented in Figure 3.9 are in accordance with these values and highlight the 
differences in morphology. The particle size of the SBA-15 substrate is a crucial parameter in 
the incorporation of the catalyst into micro-structured ceramic hollow fibres, since it 
determines the feasibility of the methodology to follow. 
 
Table 3.2 – Characteristics of the unreduced catalysts and corresponding SBA-15 prepared by 
different methods. 
SBA-15 
SBET 
(m2 .g-1) 
VP 
(cm3 .g-1) 
DM 
(nm) 
D0.5 
(µm) 
SBA-15 CG 624 1.08 7 10 
25wt. % Ni/SBA-15 CG 440 0.70 7 10 
SBA-15 SGM 665 0.80 5 183 
25wt. % Ni/SBA-15 SGM 388 0.44 5 181 
SBA-15 HTM 677 0.86 5 28 
25wt. % Ni/SBA-15 HTM 381 0.49 5 28 
SBET – Specific surface area calculated by the BET method; VP – Pore volume measure by N2 adsorption at 
relative pressure of 0.97; Dm – Mesopore diameter; D0.5 – Average size of the SBA-15 particles. 
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The SBA-15 CG presented a needle-like shape with a grain size of approximately 0.6 µm 
(Figure 3.9 A1 and A2). On the other hand, the SBA-15 particles prepared by SGM do not 
present a uniform shape and are composed of a hard shell inclosing small particles with an 
average grain size of approximately 0.1 µm (Figure 3.9 B1 and B2). Likewise, the SBA-15 
prepared by hydrothermal method is composed by particles with a grain size of 
approximately 10 µm agglomerated together into a sphere shape (Figure 3.9 C1 and C2). The 
particle size and morphological properties of the substrate can affect the catalyst performance 
since the dispersion of nickel metal differs. 
 
 
Figure 3.9 – SEM images at different magnifications of SBA-15 silica: SBA-15 commercial 
grade (A1 and A2), SBA-15 prepared by sol-gel method (B1 and B2) and SBA-15 prepared 
by hydrothermal method (C1 and C2). 
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In order to better understand the distribution of nickel oxide over the SBA-15 substrates, the 
samples were analysed by TEM and the results presented in Figure 3.10. Despite the 
similarity in chemical composition and BET analysis, the characteristic channels of the 
mesoporous material were only observed in SBA-15 CG (Figure 3.10 A1) and SBA-15 HTM 
(Figure 3.10 C1). The large particle size and higher density of the SBA-15 SGM powder are 
the possible reasons that unable the visualization of the nanochannels (Figure 3.10 B1).  
The metal distribution across the SBA-15 varies significantly depending on the preparation 
method. For 25 wt. % Ni/SBA-15 SGM, the NiO particles are mainly observed as large 
clusters located on the surface of SBA-15, with little evidence of metal particles inside the 
mesoporous structure (Figure 3.10 B2 and B3). In contrast, for 25 wt. % Ni/SBA-15 HTM 
and CG a significant amount of the NiO particles are distributed along the nanochannels or 
strongly attached to the surface of the support. The remaining nickel oxide particles are 
present as large clusters at the edges of the SBA-15. The dispersion of NiO inside the CG and 
HTM SBA-15 structures presented differences: while for 25 wt. % Ni/SBA-15 CG a denser 
and disordered distribution of smaller particles was observed, for 25 wt. % Ni/SBA-15 HTM 
well spread and bigger NiO particles were visualised. This might be due to a slight difference 
in the mesopore diameters (Table 3.2), as well as the presence of impurities that can interact 
with the nickel nitrate solution. In order to investigate the possibility of having impurities in 
the SBA-15 prepared by different methods, TGA and XRD analysis were performed. 
 Figure 3.11 shows the TGA profiles of the SBA-15 substrates. The initial weight loss, at 
approximately 100 °C, is attributed to the removal of water from the SBA-15. The SBA-15 
SGM presented the lowest weight loss at this temperature (≈ 1%), followed by SBA-15 HTM 
(≈ 2%) and SBA-15 CG (≈ 5%). Additionally, the SBA-15 CG suffered a weight loss (≈ 8%) 
at temperatures above 200 °C, which confirms the presence of organic components (e.g. 
polymer templates or micelles) entrapped in the SBA-15 structure.  
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Figure 3.10 – TEM images of unreduced 25 wt. % Ni/SBA-15 catalysts and respective 
substrates: SBA-15 CG (A1);  25 wt. % Ni/SBA-15 CG (A2 and A3); SBA-15 SGM (B1);  
25 wt. % Ni/SBA-15 SGM (B2 and B3); SBA-15 HTM (C1); and, 25 wt. % Ni/SBA-15 
HTM (C2 and C3). 
 
 
Figure 3.11 – TGA profiles of the SBA-15 substrates prepared by different methods.  
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A detailed analysis of the SBA-15 phase composition was performed by XRD and presented 
in Figure 3.12. Similarly to the catalysts prepared for the Ni loading study (Figure 3.6), the 
characteristic peak of SBA-15, at the 2θ value of 21.8°, and NiO, at 2θ values of 37.2, 43.3, 
62.9, 75.4 and 79.4º, were identified in all catalyst samples. No additional peaks were 
observed in the XRD patterns, which indicate that no crystalline impurities are present. 
However, the majority of the organic components are amorphous structures and, as a result, 
cannot be detected in XRD analysis. Particle sizes of NiO were estimated at 212, 310 and 208 
nm for 25 wt. % Ni/SBA-15 CG, SGM and HTM, respectively. This corresponds to the 
particle size of NiO located on the outer surface of the support and is in alignment with the 
TEM images.  
 
 
Figure 3.12 – XRD patterns of unreduced Ni/SBA-15 catalyst prepared with different SBA-
15 substrates.  
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images discussed above, the nickel oxide particles in 25 wt. % Ni/SBA-15 SGM are mainly 
located at the edges of the SBA-15, in the form of large agglomerations (Figure 3.10 B2 and 
B3). This is reflected in the TPR profile by the high intensity and low temperature (346 °C) 
of the first reduction peak. Despite the resemblance in peak intensity, the reduction 
temperature of the first peak for 25 wt. % Ni/SBA-15 HTM (373 °C) and CG (398 °C) differs 
slightly. This might be attributed to variations in the size and distribution of the NiO 
particles, as well as the strength of the interaction with the support. Larger NiO particles are 
usually reduced at low temperatures and, as the size decreases, and consequently the 
interactions with the support increase, more energy is required. TEM images in Figure 3.10 
support this explanation since 25 wt. % Ni/SBA-15 CG presented a high density of smaller 
NiO particles, while well spread and larger NiO particles were observed for 25 wt. % 
Ni/SBA-15 HTM. Furthermore, the ratio between low and high temperature peaks also gives 
an indication of the amount of nickel that requires additional energy to be reduced. 25 wt. % 
Ni/SBA-15 CG presents the lower ratio (≈ 4.9) followed by 25 wt. % Ni/SBA-15 SGM 
(≈10.8) and 25 wt. % Ni/SBA-15 HTM (≈ 10.7). 
 
 
Figure 3.13 – TPR of unreduced 25 wt. % NiO/SBA-15 catalysts. 
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3.4.3 Catalytic performance of 25 wt. % Ni/SBA-15 using SBA-15 prepared by different 
methods 
The catalytic performance of the different catalysts was evaluated based on effective methane 
conversion and CO2 selectivity, as presented in Figure 3.14. In general, the effective methane 
conversion increases with elevated temperatures due to the overall endothermic nature of 
reforming reaction. 25 wt. % Ni/SBA-15 SGM exhibits the highest effective CH4 conversion 
over the whole temperature range, followed by 25 wt. % Ni/SBA-15 HTM and CG. The 
difference in catalytic performance is mainly attributed to the amount of active phase, namely 
nickel metal, available for the reaction. As discussed above, 25 wt. % Ni/SBA-15 SGM 
contains, mostly, big NiO particles that can be reduced at lower temperatures. Despite the 
smaller particle size and slightly higher reduction temperature of the NiO present in 25 wt. % 
Ni/SBA-15 HTM, the effective CH4 conversion achieved is only slightly lower than 25 wt. % 
Ni/SBA-15 SGM. The similarity in catalytic performance between 25 wt. % Ni/SBA-15 
HTM and SGM is in alignment with the comparable TPR peak ratio (≈ 11) obtained for both 
catalysts. On the other hand, 25 wt. % Ni/SBA-15 CG presented a considerably lower CH4 
conversion at higher temperatures, suggesting low activity of NiO particles. Furthermore, the 
low catalyst dispersion, shown in TEM images of catalyst supported in SBA-15 CG, as well 
as the low TPR peak ratio of ≈ 5, indicates strong interaction between NiO and the support.  
CO2 selectivity tends to decrease with the increasing temperature, since WGS reaction is 
exothermic and, as a result, less CO will be converted into CO2. As expected, the lowest CO2 
selectivity was obtained for 25 wt. % Ni/SBA-15 SGM. Although the conversions obtained 
for 25 wt. % Ni/SBA-15 HTM and SGM were similar, the CO2 selectivity observed at 
temperatures between 390 °C and 465 °C was significantly different. A possible reason lays 
in a better distribution of NiO particles in SBA-15 HTM support, which leads to an enhanced 
contact between the reactants and catalyst and, consequently, to a higher selectivity towards 
CO2 formation. However, at 548
 °C the CO2 selectivity of both catalysts became almost 
identical, since at high temperatures WGS reaction is considerably constrained by 
thermodynamic equilibrium.  
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Figure 3.14 – Effective CH4 conversion (a) and CO2 selectivity over Ni/SBA-15 catalysts.  
 
3.5 Conclusions 
In the first part of this chapter, the effect of Ni loading (5 – 25 wt. %) on properties and 
catalytic performance of Ni/SBA-15 SGM catalyst was evaluated. 25 wt. % Ni/SBA-15 SGM 
catalyst showed the highest catalytic performance, reaching an effective CH4 conversion and 
CO2 selectivity of approximately 23 % and 82 %, respectively, at 548 °C. The second part of 
the study focused on the effect of SBA-15 preparation methods (sol-gel and hydrothermal 
method) on the micro-structure and catalytic performance of 25 wt. % Ni/SBA-15 catalysts. 
For the purpose of comparison, a commercially available SBA-15 was also employed as 
support. The distribution and size of NiO particles differed considerably depending on the 
properties of the SBA-15 supports. The majority of the NiO particles incorporated with SBA-
15 SGM are distributed along the edges of the substrate and in the form of large clusters of 
active bulk Ni. A non-uniform and dense distribution of smaller particles with strong 
interaction with the support was observed for 25 wt. % Ni/SBA-15 CG, which might be 
caused by the organic impurities in the substrate. 25 wt. % Ni/SBA-15 SGM showed the 
highest effective CH4 conversion (≈23% at 548 °C), followed by 25 wt. % Ni/SBA-15 HTM 
(≈20% at 548 °C) and 25 wt. % Ni/SBA-15 CG (≈10% at 548 °C). The difference in catalytic 
performance is mainly attributed to the amount of active metal available for reaction. 
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thermodynamic point of view, is not significantly compromised under the operating 
conditions selected. Due to the reasonable catalytic activity of both 25wt%Ni/SBA-15 SGM 
and 25 wt. % Ni/SBA-15 HTM, these catalysts can be considered for the development of 
catalytic hollow fibre and catalytic hollow fibre membrane reactor, via sol-gel method and 
wash coating, respectively. 
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Chapter 4  
A Micro-structured Catalytic Hollow Fibre Reactor for Methane 
Steam Reforming 
 
4.1 Abstract 
This chapter addresses the development of a catalytic hollow fibre reactor for the combined 
steam methane reforming (SMR) and water-gas-shift (WGS) reaction. For this purpose, a 
Ni/SBA-15 catalyst, developed in Chapter 3, was incorporated into a highly porous and 
micro-structured ceramic hollow fibre, fabricated by viscous-fingering induced phase-
inversion and sintering technique. The unique micro-structure of the alumina hollow fibres, 
particularly the plurality of radial micro-channels, promotes the mass transfer efficiency and 
facilitates the incorporation of Ni-based catalysts, which can be with or without a secondary 
support. For the catalyst with SBA-15 as the secondary support, i.e. the 25 wt. % Ni/SBA-15 
SGM developed in Chapter 3, a two-step process comprising incorporation of SBA-15 into 
the ceramic hollow fibre via a sol-gel method, followed by wet impregnation of nickel was 
used. On the other hand, for the catalyst without SBA-15 as the secondary support, nickel can 
be directly impregnated throughout the ceramic hollow fibre. In contrast to a fixed bed 
reactor, similar methane conversions can be achieved by the catalytic hollow fibre reactor at a 
GHVS of approximately 6.5 times higher, together with a significantly higher CO2 selectivity 
and better productivity rates. Apart from a more organised flow, the unique micro-structure 
of the ceramic hollow fibre significantly enhances the interaction between the reactants and 
the catalyst dispersed. Therefore, a more efficient utilization of the catalyst can be achieved 
and, subsequently, lower quantity of catalyst is required.  
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4.2 Introduction 
In addition to the catalyst formulation, that largely determines the activity and selectivity to a 
catalytic reaction, there are other factors affecting the catalyst performance inside a reactor 
[1]. In many cases, intensifying the interaction between reactants and catalysts is extremely 
important, nevertheless challenging. This has led to the development and improvement of 
various catalyst configurations and reactor designs [1]. Commonly, ideal flow, organised 
structure and efficient mass and heat transfer are preferred. 
Process intensification, such as the use of micro-reactors, can potentially improve the overall 
efficiency of catalytic reactions such as methane steam reforming [2-5]. They have been 
receiving increasing attention due to the advantages such as compact design, improved heat 
and mass transfer efficiencies, reduced amount of catalyst needed, enhanced lifetime and 
improved conversion, yield and selectivity [2-5]. All these features indicate lower capital and 
operating costs [6, 7]. Moreover, the micro-reactor configuration provides an ideal flow and 
reduces the interparticle mass transfer resistance, which allows a better and faster contact 
between reactants and catalyst [8, 9]. In contrast, turbulent flow is usually a feature of packed 
bed reactor (PBR) configuration, promoting massive heat and mass transfer resistance and, 
consequently, severe temperature and concentration profiles [10]. 
Asymmetric alumina (Al2O3) hollow fibres have been used as a catalyst support for water-gas 
shift reaction and reforming reactions [11]. The high thermal and chemical stability, as well 
as the high surface area to volume ratio, qualify asymmetric hollow fibres as a good support 
for catalysts. However, the specific surface area of such supports is very limited and, 
consequently, secondary supports are usually employed in order to promote a more uniform 
dispersion of higher loadings of catalyst [12]. From this point of view, Santa Barbara 
Amorphous 15 (SBA-15) silica emerges as a good support for nickel base catalyst, since it 
has a high specific surface area, large pore volume, uniform pore size distribution, thick pore 
wall and good thermal stability [13]. The nickel particles can be dispersed inside SBA-15 
pores and therefore, prevent the sintering of nickel, the metal loss and the formation of large 
ensembles [14]. 
Incorporation of catalyst into conical micro-voids of asymmetric hollow fibres has been 
attempted and the results suggest that significantly less amount of catalyst is actually required 
[11]. The micro-voids contribute to enlarged geometric surface area and, more important, 
Chapter 4                                A Micro-structured Catalytic Hollow Fibre Reactor for Methane Steam Reforming 
 
 
107 
 
promote the interaction between the reactants and the catalyst deposited. However, previous 
studies were mainly focused on a single catalytic reaction (e.g WGS, propane 
dehydrogenation [12], etc.). Moreover, both ends of the HF micro-voids were “covered” by 
sponge-like layers with a packed-pore network (average pore size of approximately 0.1-0.2 
µm), which limits the methods of incorporating catalysts and is still not ideal for an efficient 
mass transfer. 
As a result, this chapter addresses the incorporation of Ni-based catalysts, with or without 
SBA-15 as a secondary support, into a new micro-structured alumina hollow fibre. Thus, 
obtaining a highly compact porous reactor for SMR and WGS at relatively low operating 
temperatures (375-550 °C). In contrast with ceramic hollow fibres used in other published 
studies and for similar purposes, the one employed in this chapter provides a plurality of 
radial micro-channels, instead of micro-voids, with one end fully open on the inner surface of 
the hollow fibre. Apart from facilitating the incorporation of catalyst, such micro-channels 
are more efficient for mass transfer. Moreover, the porous reactor of this proof-of-principle 
study can be considered as an advanced catalytic hollow fibre substrate for further coating of 
Pd-based membranes, leading to a highly compact membrane reactor design for pre-
combustion carbon capture. 
 
4.3 Experimental  
4.3.1 Chemical and materials 
The ceramic suspension for the hollow fibre fabrication was prepared using α-Al2O3 powder 
(1µm, Alfa Aesar), dimethyl sulfoxide (DMSO, VWR), arlacel P135 (Uniqema), and 
polyethersulfone (PESf, Ameco Performance) as ceramic material, solvent, dispersant and 
polymer binder, respectively. 
Absolute ethanol (VWR), pluronic P123 (poly(ethylene glycol)-block-poly(propylene 
glycol)-block-poly(ethylene glycol) copolymer, MW = 5800, Sigma Aldrich), hydrochloric 
acid (HCl, 12M, VWR)  and tetraethyl orthosilicate (TEOS, Sigma Aldrich) were used for the 
preparation of SBA-15 sol precursor. The nickel source was nickel (II) nitrate hexahydrate 
(Sigma Aldrich). n-hexane (HPLC grade, VWR) and 1,4-Dioxane (HPLC grade,VWR) were 
used as bore fluid in the preparation of ceramic hollow fibres. 
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4.3.2 Preparation of micro-structured Al2O3 hollow fibres 
The micro-structured Al2O3 hollow fibres were prepared by a viscous-fingering induced 
phase-inversion technique followed by high temperature sintering, allowing great flexibility 
in morphology control (Figure 4.1) [15-17]. In this study, a uniform ceramic suspension 
consisting of approximately 62.7 wt. % Al2O3 powder (1µm, VWR), 30.6 wt. % solvent 
(dimethyl sulfoxide – DMSO, VWR), 0.4 wt. % dispersant (Arlacel P135) and 6.3 wt. % 
polymer binder (polyethersulfone – PESf) was prepared via ball milling. The suspension was 
then degassed under vacuum to remove air bubbles and transferred into a 200 mL stainless 
steel syringe, which was then placed in a syringe pump (Harvard PHD 22/2000 Hpsi). A 
solvent mixture of 15 wt. % 1,4-dioxane in n-hexane was used as a bore fluid. Both ceramic 
suspension and bore fluid were co-extruded through a tube-in-orifice spinneret (OD 3 mm, ID 
1.2 mm) into a water bath with a zero air gap (0 cm) and at a rate of 7 mL∙min-1 and 5 
mL∙min-1, respectively. The formed hollow fibre precursors were then dried and sintered at 
1300 °C for 4 h (Elite TSH17/75/450). 
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Figure 4.1 – Schematic representation of the fabrication process of Al2O3 hollow fibre. 
 
4.3.3 Preparation of 25 wt. % NiO/SBA-15 catalyst powder 
To prepare the SBA-15 sol, 10.0 g of Pluronic P123 were firstly dissolved in a mixture of 
absolute ethanol (50 g) and hydrochloric acid (2.0 g, 1 M) using a magnetic stirrer (RCT 
basics, Ika), followed by the addition of 20.8 g of TEOS. As shown in Figure 4.2, the phase 
transition of SBA-15 from sol to gel was performed in a fan oven (Salvislab Thermocenter) at 
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40 °C for 48 h. The SBA-15 gel was then calcined at 600 °C for 5 h with a heating rate of 
1 °C∙min-1. The powder obtained was impregnated with Ni by wet incipient impregnation, 
using an ethanol based nickel nitrate solution (25wt. % Ni), followed by a calcination at 
550 °C for 6 h with a heating rate of 1 °C∙min-1. 
 
 
Figure 4.2 – Schematic diagram of the preparation of 25 wt. % Ni/SBA-15 catalyst by sol-gel 
method followed by wet incipient impregnation. 
 
4.3.4 Development of catalytic hollow fibre (CHF) 
CHFs were prepared by depositing NiO/SBA-15 catalyst into the micro-structured Al2O3 
hollow fibre. The catalyst was synthetized in-situ via a two-step process, i.e. incorporation of 
SBA-15 via a sol-gel method followed by wet impregnation of nickel nitrate. 
 
Incorporation of SBA-15  
The SBA-15 sol was prepared as mentioned above. The formulation was heat treated in a fan 
oven (Salvislab Thermocenter) at 40 °C for 0, 6 and 12 h to adjust its viscosity, which largely 
determines the amount and distribution of SBA-15 inside the Al2O3 hollow fibre. The 
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resultant SBA-15 sol was then incorporated into the hollow fibres by immersing the hollow 
fibres in the SBA-15 precursor solution under vacuum, as shown in Figure 4.3. After 
expelling the remaining SBA-15 sol inside the hollow fibre lumen, using compressed air, the 
evaporation of the remaining ethanol (solvent) in the sol was carried out at 40 °C overnight. 
The fibres were then calcined at 600 °C for 5 h with a heating rate of 1 °C∙min-1.  
 
 
Figure 4.3 – Schematic representation of the experimental procedure for impregnation of 
SBA-15 into hollow fibre by vacuum-assisted method. 
 
Impregnation of Ni  
Ni, as the catalytic active phase, was incorporated into hollow fibre with or without SBA-15 
by impregnation of ethanol-based nickel nitrate solution (25 wt. % Ni) using the vacuum-
assisted method (Figure 4.4). The nickel nitrate was then converted to nickel oxide at 550 °C 
for 6 h and using a heating rate of 1 °C∙min-1. The catalyst loading was determined by 
measuring the weight of hollow fibres before and after the impregnation and calcination 
steps.  
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Figure 4.4 – Schematic representation of the experimental procedure for impregnation of Ni 
into hollow fibre by vacuum assisted method. 
 
4.3.5 Characterization 
The microstructures of the hollow fibre and CHFs were analysed by scanning electron 
microscopy (JEOL JSM - 5610LV and LEO Gemini 1525 FEG). Samples were firstly coated 
with gold in a vacuum chamber for 2 min at 20 mA (EMITECH Model K550) and connected 
with the metal support by brushing silver paint. A detailed assessment of the pore structure 
and porosity was carried out by mercury intrusion porosimetry (Autopore IV 9500, 
Micrometrics), over a pressure range from 1.5x103 to 2.3x108 Pa and with a set stabilization 
time of 10 s.   
The mechanical strength of the Al2O3 hollow fibre was assessed using a tensile tester (Instron 
Model 5544) with a load cell of 5 kN.  
The Brunauer – Emmett – Teller (BET) characterization test was carried out to determine the 
specific surface area by measuring N2 adsorption isotherms at 77 K using a Tristar 3000 
volumetric system. Prior to gas adsorption, samples were degassed at 120 °C overnight and 
under nitrogen atmosphere.  
The chemical composition of the hollow fibre and CHFs was analysed by XRD (X’Pert PRO 
model) and using crushed CHFs (fine powder). The XRD patterns (2Ɵ degree varying from 5 
to 80 °) were obtained using an X’celerator detector (X’Pert PRO model), with a radiation 
source of Cu-Kα, a set voltage of 40 kV and a set current of 40 mA.  
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4.3.6 Catalytic performance  
Catalytic performance of CHFs was evaluated using the experimental apparatus illustrated in 
Figure 4.5. The flow rate of each gas (reactants and inert sweep gas) was controlled by 
individual mass flow controllers (Brooks Instrument, model 5800) with a collective reader 
(Brooks Instrument, model 0254). The liquid water was fed into a heating coil (1/16’ stainless 
steel tube) by a syringe pump (Chemix N5000). The temperature of the tubular horizontal 
furnace (Vecstar SP HVT) was controlled by temperature controller (CAL 9400) and 
monitored by a thermocouple located at the central position of the uniform heating zone (7 
cm). The inlet and outlet pressures of the reactor were monitored by a digital pressure sensor 
(Sick, 10bar). The composition of the effluent from the reactor was analysed on-line by a gas 
chromatographer (Varian 3900) with a packed column (shincarbon, part nbr 19808), after a 
stabilization time of 1 h at each operating temperature. The total gas flow rate was monitored 
using a bubble flow meter. 
The CHF module was assembled by inserting a 30 cm catalytic hollow fibre into a 3/8’ 
stainless steel tube and sealing both ends with epoxy resin. The module was inserted in the 
furnace and centred in order to keep the sealed ends outside the heating zone. After 
connecting the module to inlet and outlet streams, the system was purged thoroughly with 
argon (50 mL∙min-1) and monitored by oxygen analyser (Model 572 with±0.01% resolution, 
Servomex). The reduction of nickel based catalyst was carried out under H2 atmosphere (10% 
H2/Ar of 50 mL∙min-1) at 400 °C for 2 h. The catalytic performance of the CHFs was 
investigated at set temperatures between 375 °C and 550 °C, under atmospheric pressure. 
For the purpose of comparison, a 25 wt. % Ni/SBA-15 catalyst in powder form was also 
prepared and tested in a packed bed reactor (PBR) with a radial dimension of approximately 
1 cm.  113 mg of the catalyst were dispersed in 2.00 g of fine silica carbide (SiC), giving a 
packed-bed length of approximately 2 cm. The quantity of catalyst was defined considering 
the highest Ni loading achieved for CHFs (27.7 mg of Ni in CHFs of 7 cm). The conditioning 
and operating procedures adopted were identical to the one described above for CHFs.  
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Figure 4.5 – Schematic representation of experimental apparatus. 
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The overall performance was evaluated based on effective CH4 conversion (xCH4), CO2 
selectivity (SCO2) and productivity rate (Y), which are defined by the equations below: 
𝑋𝐶𝐻4 =
(𝐹𝐶𝑂 + 𝐹𝐶𝑂2)
𝐹𝐶𝐻4 𝐼𝑛𝑙𝑒𝑡
× 100% (4.1) 
𝑆𝐶𝑂2 =
𝐹𝐶𝑂2
(𝐹𝐶𝑂 + 𝐹𝐶𝑂2)
× 100% (4.2) 
𝑌 =
(𝐹𝐶𝑂 + 𝐹𝐶𝑂2)
𝑚𝑁𝑖
 (4.3) 
where FCH4, FCO and FCO2 are the flow rates (mol∙min-1) of methane, carbon monoxide and 
carbon dioxide, respectively, and mNi is the mass of catalyst in g. Gas hourly space velocity 
(GHSV) was defined as volumetric flow rate of reactants (m3∙min-1) over the total volume of 
reactor (m3).  
 
4.4 Results and discussion 
4.4.1 Micro-structured alumina hollow fibre 
Figure 4.6 shows the SEM images of Al2O3 hollow fibre prepared by a viscous-fingering 
induced phase-inversion technique and sintered at 1300 °C. The unique asymmetric micro-
structured Al2O3 hollow fibre consists of two distinct regions: an outer sponge-like layer 
covering less than 20% of the cross-sectional thickness of the hollow fibre, as can be seen in 
Figure 4.6 A and A1; and a plurality of self-organised radial micro-channels penetrating 
through the inner surface, as shown in Figure 4.6 B and B1. Moreover, there is a thin wall 
separating the radial micro-channels, which is part of the sponge-like structure throughout the 
hollow fibre. The sponge-like structure possesses a packed-pore network, similar to the one 
of the outer surface as shown in Figure 4.6 C and C1.  
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Figure 4.6 – SEM images of Al2O3 hollow fibre: (A) cross section; (B) inner surface; and (C) 
outer surface. (A1), (B1) and (C1) are at a higher magnification of (A), (B) and (C), 
respectively. 
 
Figure 4.7 provides further details of the asymmetric pore structure of the alumina hollow 
fibre. As can be seen, the lower and wider peak, from 5 to 25 µm, represents the radial micro-
channels and the second peak, at approximately 0.18 µm, represents the average pore size of 
the sponge-like structure, which is in agreement with previous studies [17]. 
 
Figure 4.7 – Mercury intrusion porosimetry of Al2O3 hollow fibre. 
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The properties of the sponge-like structure, such as thickness, porosity and pore size, largely 
determine the mechanical strength and mass transfer across and inside the fibre. Usually, a 
higher sintering temperature leads to better mechanical strength, but at the expense of lower 
porosity and higher mass transfer resistance. The mechanical strength of such fibres is 
approximately 56 MPa, which is 34% higher than reported in a previous study using fibres 
made of the same material, with similar morphology and sintered at the same temperature 
[17]. The higher mechanical strength might be caused by a slight difference in the thickness 
of the outer sponge-like layer, as well as in the number and dimension of the radial micro-
channels.  
The large number of radial micro-channels inside the hollow fibre contributes to significantly 
increase the geometric surface area, to ease catalyst incorporation and to improve interaction 
between reactants and catalyst. The high porosity of the hollow fibre (57%), which is 
provided not only by the large number of micro-channels, but also by the interparticle spaces 
inside the sponge-like structure, significantly reduces mass transfer resistance. Garcia-Garcia 
et al. [18] investigated the application of asymmetric Al2O3 hollow fibres for catalytic 
reactions. The asymmetric Al2O3 hollow fibre, with 50MPa of mechanical strength and a 
nitrogen permeation of 200 L∙m-2∙s-1 at 200KPa, was used as a support for a palladium 
membrane and as a substrate for a copper-based catalyst. Despite the significant length 
(approximately 80% of cross-section) of petal shaped micro-voids, a hollow fibre of this type 
still represents a considerable barrier to mass transfer, mainly due to its lower overall porosity 
and much less porous inner surface. In contrast, the highly porous micro-structured hollow 
fibre in this study presents a high nitrogen permeability of 425 L∙m-2∙s-1, measured at room 
temperature, 200kPa and with a membrane area of 0.8 cm2. This highlights the low mass 
transfer resistance of the substrate, which will greatly promote the contact between reactants 
and catalyst. Moreover, the dimensions and volume of the radial micro-channels play an 
important role in catalyst deposition and loading [16]. Large micro-channels entrances (on 
the inner surface) enable both catalyst preparation in-situ (e.g. Pechini method) and 
deposition of catalyst in powder form (i.e. wash coating). 
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4.4.2 Catalytic hollow fibre 
Incorporation of SBA-15 
The overall performance of catalytic reactors for methane reforming reactions is greatly 
affected by the specific surface area provided by the substrate in which the active metal, 
nickel, is deposited [12]. Secondary supports, such as SBA-15, are commonly required in 
order to provide additional surface area and, consequently, reduce the deactivation of metal 
based catalyst due to carbon formation and sintering. After high temperature sintering, the 
specific surface area of the alumina hollow fibre is considerably low. As a result, SBA-15 
was incorporated prior to impregnation of catalytic phase. The deposition of SBA-15 was 
performed by a sol-gel based process since this technique has been widely used for 
incorporation of catalyst into hollow fibre and can virtually be used in any type of micro-
structured support [19]. The quantity and distribution of SBA-15 inside the micro-structured 
Al2O3 hollow fibre affects both Ni impregnation and catalytic performance, and can be 
controlled by varying the ageing time and therefore the viscosity of the SBA-15 sol. Table 
4.1 and Figure 4.8 show the properties and SEM images of the hollow fibres without and with 
SBA-15 at different ageing times. SBA-15 loadings of 2.61%, 5.84% and 7.27% were 
obtained for the ageing time of 0 hour, 6 hours and 12 hours, respectively, which is sensible 
since the adhesion of sols to a porous substrate increase with viscosity [20]. The 
incorporation of SBA-15 into hollow fibres largely enhanced the specific surface area by 6, 
13 and 19 times for the ageing time of 0 hour, 6 hours and 12 hours, respectively. These 
results are in agreement with a previous study [12].  
Table 4.1 – Loading and specific surface area of different ageing time SBA-15/ Al2O3 HF. 
Composition of CHF SBA-15 Loading (wt. %) Specific Surface Area (m2·g-1) 
Al2O3 HF n/a 2.6 
0h SBA-15 2.61 14.8 
6h SBA-15 5.84 34.4 
12h SBA-15 7.27 50.1 
  
Apart from increasing the specific surface area, ageing time affected the distribution of SBA-
15 inside the hollow fibre. Thus, as can be seen in Figure 4.8 A1-D1, with longer ageing 
time, and consequently more viscous SBA-15 sol, the penetration of SBA-15 sol into the 
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packed-pore network of the sponge-like structure is more difficult. As a result, the SBA-15 is 
preferentially distributed along the micro-channels, as shown in Figure 4.8 A2-D2, and 
covers more small pores on the inner surface (packed-pore network) between micro-channel 
entrances, as can be seen in Figure 4.8 A3-D3. Moreover, the incorporation of SBA-15, for 
all ageing time sols, did not block, fully or partially, the micro-channels entrances on the 
inner surface of the fibre. 
 
Figure 4.8 – SEM images of Al2O3 hollow fibre (A) and SBA-15 in Al2O3 hollow fibre with 
ageing time of 0h (B), 6h (C) and 12h(D): A1, B1,C1 and D1 sponge-like layer between 
micro-channels; A2, B2, C2 and D2 micro-channel entrance; and A3, B3, C3 and D3 inner 
surface. 
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Wet Impregnation of Ni 
The nickel nitrate, precursor of catalytic active nickel, was successfully impregnated into the 
Al2O3 hollow fibres with or without SBA-15. As can be seen in Figure 4.9, crystals of nickel 
oxide were formed along the radial micro-channels of all the samples; however neither 
crystal nor particles of NiO could be clearly identified in SEM images of sponge-like 
structure. Despite this fact, a homogeneous distribution of NiO on the packed-pore structure 
was visually observed by a light grey colour, as shown in Figure 4.10. Although the 
adsorption capacity of SBA-15 is significantly higher than alumina, the actual loading of NiO 
in the samples with and without SBA-15 was quite similar (varying from 4 to 5.7 wt% and 
determined by weight difference). This is mainly because the amount of SBA-15 
incorporated is considerably small (Table 4.1), when compared with the significant pore 
volume from both radial micro-channels and sponge-like structure of the alumina hollow 
fibre.  
 
 
Figure 4.9 – SEM images of: (A) NiO/Al2O3 HF, (B) NiO/0h SBA-15 - CHF, (C)  NiO/6h 
SBA-15 - CHF and NiO/12h SBA-15 – CHF. 
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Figure 4.10 – Image of Al2O3 hollow fibre (A) and NiO/12h SBA-15 – CHF (B).  
The phase composition of the CHFs and pure Al2O3 hollow fibre was further evaluated by 
XRD and compared as illustrated in Figure 4.11. The distinctive peaks of Al2O3 and NiO can 
be identified in all CHF samples. However, the intensity of the NiO peaks was low due to the 
reduced amount and high dispersion. Furthermore, the amorphous nature and the small 
amount of the SBA-15 prevents the detection of the characteristic peak of SBA-15 at 2θ value 
of 21.79°. 
 
Figure 4.11 – XRD patterns of assembled CHFs and Al2O3 HF and --- NiO characteristic 
peaks. 
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The porosity of the hollow fibre was considerably affected by the incorporation of NiO or 
NiO/SBA-15, as can be seen in Table 4.2. A porosity loss of 3.7, 16.5, 24.1, 24.3% was 
observed for NiO, NiO/0h SBA-15, NiO/6h SBA-15 and NiO/12h SBA-15 – CHFs, 
respectively. 
 
Table 4.2 – Mass of nickel available for reaction and porosity of the substrate after catalyst 
incorporation. 
Reactor Configuration Mass of Ni (mg) Porosity (%) 
PBR 27.7 n/a 
Ni – CHF 27.7 54.4 
Ni/0hSBA-15 – CHF 19.6 47.2 
Ni/6hSBA-15 – CHF 16.7 43.9 
Ni/12hSBA-15 – CHF 23.4 43.2 
 
 Figure 4.12 shows a more detailed analysis on the pore structure and reveals that the radial 
micro-channels (between 5 and 25 µm) are little affected by the incorporation of NiO and 
SBA-15, which is in agreement with Figure 4.8 and Figure 4.9. In contrast, the pore size of 
the sponge-like structure was highly affected due to the partial filling of the interparticle 
spaces. As the ageing time of SBA-15 increases, the intensity of the peak at 0.18 µm 
decreases and a third peak, with smaller diameter (0.07 µm), becomes more manifest and 
intense. The deposition of SBA-15 particles in the packed-pore structure and the formation of 
SBA-15 layer along the micro-channels resulted in the partial filling and blockage of pores 
and, consequently, a reduction of their size. As shown in Figure 4.8 B1 and B2, the majority 
of the SBA-15 incorporated in 0h SBA-15 CHF was distributed in the interparticle spaces of 
the packed pore, leading to a reduction of the overall porosity in the sponge-like structure. 
This statement is supported by mercury intrusion porosimetry results, in which the peak 
corresponding to packed pore structure suffered a small drop in intensity and slight shift in 
position towards a smaller pore size. Such phenomenon becomes more significant with SBA-
15 aged for a longer time due to the formation of a SBA-15 layer along the micro-channel. 
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Figure 4.12 – MIP results of the Al2O3 HF and different catalytic hollow fibres. 
 
4.4.3 Catalytic performance 
The catalytic performance of the CHFs and 25wt%NiO/SBA-15 catalyst was evaluated based 
on effective methane conversion, CO2 selectivity and productivity rate presented in Figure 
4.13. Table 4.2 lists the amount of Ni (mg) involved in the different reactors.  
Figure 4.13 A shows the methane conversion of CHFs and PBR as a function of temperature. 
Apparently, effective methane conversion for both CHFs and PBR increase with temperature, 
showing similar trends among all different configurations and reaching values close to the 
equilibrium conversion. Although the methane conversion of PBR is slightly higher than that 
of CHFs at 540 °C, it started to drop in a slow manner at approximately 560 °C. This may be 
caused by encapsulation of nickel due to instability of SBA-15 structure, as reported by 
McMinn et al. [21]. In contrast, such drop in methane conversion was not observed in CHFs. 
One of the possible reasons is that CHFs provide an ideal flow of the reactants, with the 
widely opened radial micro-channels significantly reducing mass and heat transfer resistance, 
and consequently allows a more efficient interaction between the reactants and the catalyst. 
At temperature of 465°C, the effective methane conversion of all CHFs, including CHF 
without SBA-15 (Ni – CHF), is rather close to the thermodynamic equilibrium. This indicates 
great efficiencies when dispersing catalyst inside the micro-structured alumina hollow fibre. 
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On the other hand, at elevated operating temperatures (>500°C), CHFs containing SBA-15 
showed higher methane conversion over the Ni-CHF, which may be linked to the additional 
surface area provided by SBA-15.  
Figure 4.13 B compares the CO2 selectivity of different reactor designs. CO2 selectivity keeps 
decreasing with the increasing operating temperatures, as expected from the thermodynamic 
point of view, since SMR is highly endothermic and WGS is slightly exothermic. Evidently, 
CO2 selectivity of PBR is much lower than the CHFs. The benefits of dispersing catalyst 
inside micro-structured alumina hollow fibres are then further proved to enhance reaction 
performance by reducing mass transfer resistance and, consequently, achieving a more 
uniform concentration profile. A uniform and highly dispersed catalyst also increases the 
accessibility of the catalyst to reactants, which increase the possibility of CO (produced in 
SMR) of being further converted into CO2 via WGS.  
Due to major differences on reactor configuration, such as flow patterns, catalyst distribution 
and loading, reactor volume and contact/residence time, the overall performance of the 
different reactor configurations cannot be precisely assessed by exclusively analysing 
effective methane conversion and CO2 selectivity. Although the methane conversions are 
quite similar, the nickel loading is considerably different and gas hourly space velocity 
(GHVS) in CHF is approximately 6.5 times higher than in PBR configuration, 27255h-1 and 
4053h-1, respectively. Consequently, productivity rate, which is calculated based on the 
formation of CO and CO2 over the mass of Ni involved in each reactor configuration (eq 3), 
is employed for a more sensible comparison. As seen in Figure 4.13 C, the productivity rate 
of CHFs can be much greater than PBR. However, at intermediate temperatures the effective 
methane conversion of PBR is rather close to the thermodynamic equilibrium value and, as a 
result, it is not clear if the catalyst is operating at full capacity. Therefore, the comparison 
between catalytic performance of CHFs and PBR must be assessed at a temperature of 
540°C. The productivity rate of PBR is considerably lower than CHFs containing SBA-15, 
which can be an advantage of dispersing catalyst inside the micro-structured hollow fibres. 
The discrepancy between the CHFs with SBA-15 might be due to the difference of actual 
mass of Ni, as the effective methane conversion values are very similar. This suggests the 
amount of nickel available is higher than necessary and requires further tuning. 
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Figure 4.13 – Temperature dependent (A) effective methane conversion, (B) CO2 selectivity 
and (C) productivity rate of different CHFs and PBR configurations. 
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4.5 Conclusions 
A micro-structured catalytic hollow fibre was successfully developed by incorporating 
Ni/SBA-15 catalyst into alumina hollow fibres with low mass and heat transfer resistance. 
The unique and widely opened radial micro-channels (5-25µm) on the inner surface of 
hollow fibre facilitate catalyst incorporation and contribute to higher interaction between the 
reactants and catalyst, resulting in a higher catalytic performance. The methane conversion 
achieved from both CHF and PBR configuration was similar and close to thermodynamic 
equilibrium values (around 25% at 465°C); however, the space velocity in CHF was 
considerably higher (approximately 6.5 times). Meanwhile, greater CO2 selectivity was 
obtained from CHFs, due to a more uniform concentration and temperature profiles when 
comparing with PBR. Furthermore, the great productivity rate of CHFs containing SBA-15 
indicates their potential in further reducing the catalyst required.  
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Chapter 5  
H2 Permeation in Pd/Al2O3 Composite Membranes  
 
5.1 Abstract 
In the previous chapter, a micro-structured ceramic hollow fibre, which consists of an 
integrated thin outer sponge-like and a plurality of self-organised radial micro-channels, has 
been prepared. The unique open micro-channels have been proved ideal in incorporating 
catalysts and promoting mass transfer efficiency, originating a compact catalytic hollow fibre 
(CHF) reactor design. In this chapter, the feasibility of coating a thin and highly selective Pd 
membrane on top of the HF outer sponge-like layer by electroless plating was investigated. 
Micro-structured ceramic hollow fibres of the same micro-structure were sintered at different 
temperatures (1300 °C and 1400 °C), prior to the coating of Pd membranes of different 
thicknesses (1 and 3.3 µm). The penetration of Pd into the ceramic hollow fibre leads to the 
formation of an intermediate layer, which affects hydrogen permeation of the composite 
membranes in different ways. This varies depending on the sintering temperature of the 
hollow fibre substrate and thickness of the Pd separation layer. However, the gas permeation 
resistance of this ceramic hollow fibre is significantly lower than the previous counterparts of 
different micro-structures, leading to greater hydrogen permeation without compromising 
permselectivity.  
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5.2 Introduction 
Palladium (Pd) and palladium alloy membranes have been extensively investigated for 
hydrogen separation due to their high permselectivity and good thermal and chemical 
stabilities [1, 2]. This separation technology can be coupled with a wide range of catalytic 
reactions, known as a membrane reactor, and it is crucial for energy applications [3-5]. 
Palladium alloy membranes can be either self-supported or supported by a substrate 
(composite membrane configuration) in the form of tubes or flat discs. In early studies, Pd 
membranes were mainly self-supported with a high thickness, to ensure a reasonable 
mechanical strength, and presented low hydrogen (H2) permeability and high material cost. 
Currently, research has been mostly focused towards the development of highly 
permselective Pd and Pd-alloy composite membranes with suitable mechanical strength and 
reduced membrane thickness. The use of a porous support (i.e. a ceramic, a metallic or a glass 
support), acting as a scaffold, provides additional structure and mechanical strength. 
Meanwhile, the thickness of the membrane can be significantly  reduced, resulting in higher 
permeation flux and less material cost [2]. The selection of the substrate is crucial and based 
on its morphological properties, such as pore size, pore size distribution, pore structure, 
porosity, roughness of substrate and mechanical, thermal and chemical stabilities [6]. 
Therefore, the development of high quality composite Pd membrane is strongly dependent on 
the achievement of a thin and highly permselective membrane, which is largely determined 
by the selection of a porous substrate with high surface area and negligible permeation 
resistance.  
Electroless plating has been widely used for deposition of Pd and Pd alloy membranes on 
porous substrates due to its simplicity, low cost and prospect of coating a dense membrane 
even in non-metallic support with complex shapes [1, 2]. However, the control of the plating 
parameters which enables the deposition of a thin membrane is still a challenge [7]. As a 
result, several studies have been focused on investigating the effect of each fabrication step in 
the membrane performance. For example, the relationship between plating kinetics, 
membrane micro-structures and performance [7, 8], the effect of plating cycles on membrane 
thickness [9], and the influence of temperature, composition of plating solution, and plating 
bath agitation on the electroless plating rate [10]. Other studies were focused on improving 
the morphology and properties of the Pd membranes by modifying the existing electroless 
plating process. For instance, the use of an electric field to assist substrate activation and 
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subsequently produce ultrathin (0.9 µm) and highly permeable (0.40 mol·m-2·s-1 at 105 kPa 
and 733 K) Pd membranes [11], as well as the use of free EDTA plating solution to avoid 
contaminations [12] or a diluted sensitisation solution to reduce membrane contamination 
from the residual tin (Sn) [13]. 
In terms of porous substrates, the conventional ceramic and metallic substrates, both in planar 
or tubular geometries, are a common option. The metallic substrates, e.g. porous stainless 
steel (PSS), have high mechanical and chemical stability and are commercially available. 
However, disadvantages such as intermetallic diffusion at temperatures from 275 °C to 
350°C, large pore size and non-uniform pore size distribution still represent a problem. 
Commonly, the selection of this type of substrates requires the deposition of an interlayer, 
which represents additional costs [2]. The low surface area to volume ratio of tubular PSS 
substrates limits the possibility of fabricating a compact module. Ceramic supports are a good 
choice due to their high chemical, thermal and mechanical stability, together with the small 
pore size of 0.1-10 µm. However, the fabrication of palladium membranes supported on 
ceramic substrates involves several steps, leading to considerable production cost. The 
possibility of fabricating a module is compromised by the low surface area to volume ratio of 
the support configurations, such as flat sheet and tubular supports.  
Recent developments on ceramic hollow fibres using a phase-inversion process have raised 
interest, especially due to their extremely high surface area to volume ratio. Maneerung et al. 
[14] developed a ultra-thin Pd membrane on asymmetric YSZ-mixed Al2O3 hollow fibres and 
evaluated the effect of the micro-structure of the hollow fibre in permeation properties and 
mechanical strength. The presence of unique and significantly large micro-voids suggests a 
reduced substrate resistance, when compared with a symmetric counterpart without such sub-
structures. However, according to Irfan Hatim et al. [15], the permeation resistance of 
existing asymmetric ceramic hollow fibre substrates is still considerable. Besides, other 
issues such as penetration of Pd (from plating solution) into the substrate still need to be 
addressed. As a result, additional improvements in the reduction of substrate resistance are 
necessary in order to increase the hydrogen permeation of a composite membrane closer to 
the flux provided by thin free-standing Pd membrane.  
The ceramic hollow fibres fabricated via a phase-inversion method consist of two basic and 
adjustable sub-structures, i.e. sponge-like layer and finger-like voids. The porosity and pore 
size of the packed-pore structure of the sponge-like layer(s) are mainly defined by the particle 
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size of the ceramic powder and sintering temperature [16, 17]. On the other hand, the 
dimensions of the micro-channels and quantity and thickness of the sponge-like layer(s) can 
be adjusted by other factors, such as composition and extrusion/flow rate of suspension and 
bore fluid as well as air gap [16, 18]. In contrast to the sponge-like layer of a packed-pore 
network (typical with an average pore size of approximately 0.2 µm), the width of the finger-
like voids can be much larger (over 10 µm). As a result, the major permeation resistance is 
governed by the sponge-like structures. Most of the previously studied hollow fibre substrates 
were composed by multiple sponge-like layers [19, 20]. The outer sponge-like layer surface 
is useful for depositing thin Pd membranes, while the other sponge-like layers generate 
additional substrate resistance and, subsequently, lower the hydrogen permeation of the 
composite membranes.  
This study aims the development of a highly permeable ceramic hollow fibre substrate 
composed of a thin outer sponge-like layer, for Pd membrane deposition, and a plurality of 
self-organized micro-channels, for the reduction of mass transfer resistance. More 
particularly, the multiple and thick sponge-like layers commonly present in previous HF 
substrates are reduced into one continuous and thin outer sponge-like layer suitable to coat Pd 
membranes. Meanwhile, the shorter micro-voids, usually contained between sponge-like 
layers, are converted into longer micro-channels, with one end fully opened on the inner 
surface and negligible mass transfer resistance. In order to investigate the role of the outer 
sponge-like layer in the formation of defect-free Pd membrane and its hydrogen permeation, 
Pd membrane with different thicknesses were deposited on ceramic hollow fibre substrates 
sintered at two different temperatures of 1300 and 1400 °C. 
 
5.3 Experimental 
5.3.1 Materials 
α-Al2O3 powder (1µm, Alfa Aesar), dimethyl sulfoxide (DMSO, VWR), arlacel P135 
(Uniqema), and polyethersulfone (PESf, Ameco Performance) were used as ceramic material, 
solvent, dispersant and polymer binder, respectively, in the preparation of ceramic 
suspension. n-hexane (HPLC grade, VWR) and 1,4-Dioxane (HPLC grade,VWR) were used 
as bore fluid in the preparation of ceramic hollow fibres. Isopropyl alcohol (anhydrous, 
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99.5%, Sigma-Aldrich) was used to clean the hollow fibres prior to deposition of Pd 
membrane by electroless plating.  
Tin (II) chloride dehydrate (puriss. p.a., Sigma-Aldrich) and palladium (II) chloride 
(99.999%,Sigma-Aldrich) were mixed with hydrochloric acid (37%, AnalaR NORMAPUR) 
to prepare sensitisation and activation solutions, respectively. The plating solution was 
prepared using tetraamminepalladium (II) chloride monohydrate (99.99% metals basis, 
Sigma-Aldrich), EDTA (IDRANAL®III, Riedel-deHaen), ammonium hydroxide (28% in 
H2O, Sigma-Aldrich) and hydrazine hydrate (Sigma-Aldrich).  
 
5.3.2 Fabrication and characterization of Al2O3 hollow fibre substrates 
The Al2O3 hollow fibre substrates with a desired micro-structure were fabricated by a 
fingering induced phase-inversion process, followed by high temperature sintering [19]. A 
uniform ceramic suspension, with 60 wt. % solid loading, was prepared by ball milling, as 
reported elsewhere [21]. After degasing, the ceramic suspension was transferred into 200 mL 
stainless steel syringes and extruded through a tube-in-orifice spinneret (outer diameter 3 
mm, inner diameter 1.2 mm) into a coagulation bath with no air gap (0 cm). An extrusion rate 
of 7 and 5 mL∙min-1 was adopted for ceramic suspension and bore fluid (15 wt. % 1,4-
dioxane in n-hexane), respectively. The formed precursor fibres were kept in deionized water 
for a minimum of 12 h, in order to remove the excessive solvent. After being gently washed 
with deionized water, the precursor fibres were dried at room temperature and sintered at 
1300 °C or 1400 °C in a tubular furnace (Elite, Model TSH 17/75/450).  
The microstructure of HF substrate was characterized by scanning electron microscopy 
(JEOL JSM-5610LV). Due to the low conductivity of alumina, the samples were gold coated 
in a vacuum chamber for 2 min at 20 mA (EMITECH Model K550). A systematic analysis of 
porosity and the pore size distribution of the substrates was carried out by mercury intrusion 
porosimetry (MIP, Micromeritics Autopore IV). The mechanical strength of the hollow ﬁbre 
substrates was determined by a three point bending test (Instron Model 4466 with a load cell 
of 1kN), using a gap of 3 cm, a sample of 5 cm and calculated by equation (5.1) [22].  
𝜎𝐹 =
8𝐹𝐿𝐷𝑜
𝜋(𝐷𝑜4 − 𝐷𝑖
4)
 (5.1) 
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where F is the mechanical strength, F is force at which fracture occurred (N), L is the length 
(m) of the sample holder gap, and Do and Di are the outer and the inner diameter of the 
sample, respectively. 
Moreover, the permeation properties of the substrates were evaluated by a nitrogen 
permeation test carried out at room temperature and different transmembrane pressures. Prior 
to the test, the samples with one end sealed were glued onto a stainless steel holder using 
epoxy-resin (Araldite®), which was then connected to the permeation apparatus shown in 
Figure 5.1. The pressure of the feed gas (N2) was adjusted using a pressure regulator 
(OMEGA, PRG101-120) and monitored using a pressure gauge with a resolution of 0.1 psi 
(OMEGA, DPG1000B-10G). The flux of the N2 permeated through the substrate was 
measured at transmembrane pressures between 20 and 100 kPa using bubble flow meters. 
 
 
Figure 5.1 – Schematic diagram of nitrogen permeation apparatus. 
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5.3.3 Preparation of Pd/Al2O3 composite hollow fibre membranes 
Pd membranes were coated onto the outer surface of the micro-structured Al2O3 hollow fibre 
substrates using electroless plating, as described by Paglieri and Way [23] and Mardilovich et 
al. [24]. Prior to the deposition of Pd membranes, the outer surface, with the exception of the 
central 7 cm, and one end of the fibre were coated with a gas-tight glaze and sintered at 900  
°C for 1 h. After the glazing, the hollow fibres were cleaned by sequential washings with 
isopropyl alcohol and water for 10 min in an ultrasonic bath, and were then dried overnight at 
120 °C.  
Preceding electroless plating, the substrates were activated with Pd nuclei via sensitisation in 
an acidic SnCl2 solution, followed by activation in an acidic PdCl2 solution. The 
sensitisation/activation process was carried out by immersing the glazed hollow fibre 
substrates sequentially in five chemical baths, i.e. acidic SnCl2 solution for 5 min; deionised 
water for 5 min, acidic PdCl2 solution for 5 min; 0.01 M HCl solution for 2 min; and finally 
deionised water for 3 min (Figure 5.2). All chemical baths were homogenised by air bubbles. 
The sensitisation/activation process was repeated for 8 cycles. The composition of each bath 
is presented in Table 5.1. 
 
 
Figure 5.2 – Schematic representation of the sequential baths for sensitisation/activation 
process. 
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Table 5.1 – Composition of sensitisation, activation and plating bath solutions. 
Step Compound Concentration 
Sensitisation 
SnCl2 1 g·L
-1 
HCl (37 %) 1 mL·L-1 
Activation 
PdCl2 0.1 g·L
-1 
HCl (37 %) 1 mL·L-1 
Rinsing HCl 0.01 M 
Electroless Plating 
Pd(NH3)4Cl2-H2O 4 g·L
-1 
Na2EDTA-2H2O 40.1 g·L
-1 
NH3-H2O (28 %) 198 mL·L
-1 
N2H4 (1 M) 5.6 mL·L
-1 
 
The substrates were then immersed in a Pd electroless plating (ELP) solution, at 60oC, in 
order to deposit metallic Pd layers onto the activated surface. The Pd ELP solution was 
prepared according to the composition presented in Table 5.1 and left to stabilize for 16 h 
before being used [25]. The volume of Pd ELP solution was fixed at 3.5 mL per cm2 of 
substrate surface area, as suggested by Mardilovich et al. [24]. The ELP procedure was 
performed either once or twice, with a plating time of 60 min per cycle, resulting in Pd 
membrane of different thicknesses.  
The asymmetric Pd/Al2O3 composite hollow fibre membranes were characterised using a 
high resolution scanning electron microscope (LEO Gemini 1525 FEG-SEM). ImageJ 
software was used to determine the thickness of the membranes. 
 
5.3.4 H2 permeation of Pd/Al2O3 composite hollow fibre membranes 
Prior to the H2 permeation tests, the integrity of the Pd/Al2O3 composite hollow fibre 
membranes was evaluated by testing the gas-tightness of the membrane under N2 atmosphere, 
at 275 kPa and room temperature and using a gas-tightness apparatus developed in house 
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[26].  As the integrity of the membrane was proved, hydrogen permeation measurements 
were performed using the experimental apparatus shown in Figure 5.3. The Pd/Al2O3 
composite hollow fibre membrane with one-end sealed was glued to a stainless steel holder 
using epoxy-resin (Araldite®), and then introduced in a dense stainless steel tube with an 
inner diameter of 1 cm. The whole device was then placed in a tubular furnace 
(CARBOLITE, MTF 10/25/130), centred and connected to inlet and outlet streams. The 
permeate flow rate was monitored by bubble flow meter and the feed pressure was adjusted 
using a pressure regulator (OMEGA, PRG101-120) and monitored by a pressure gauge with a 
resolution of 0.1 psi (OMEGA, DPG1000B-10G). After purging the system meticulously, the 
membrane was annealed at 450 °C for 2 h under hydrogen atmosphere. 
 
 
Figure 5.3 – Schematic representation of the experimental apparatus for hydrogen 
permeation. 
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Hydrogen permeation measurements were performed using Pd membranes of different 
thicknesses (1.0 and 3.3 µm, depending on the number of electroless plating cycles), 
supported on hollow fibre substrates of the same morphology but sintered at different 
temperatures (1300 and 1400 °C). As a result, corresponding composite membranes are 
nominated in this study as Pd-1.0/HF-1300, Pd-3.3/HF-1300, Pd-1.0/HF-1400 and Pd-
3.3/HF-1400. Hydrogen permeation flux was measured at different temperatures (300-450 
°C) and transmembrane pressures (40-165 kPa). During the course of measurement, a heating 
rate of 3 °C·min-1 was used, and the membrane integrity was re-evaluated at 450 °C and 165 
KPa using Ar, after each measurement. 
 
5.4 Results and Discussion 
5.4.1 Micro-structures of Al2O3 hollow fibre substrate  
Figure 5.4 and Table 5.2 show the SEM images and properties of Al2O3 hollow fibres 
sintered at 1300 °C and 1400 °C, respectively. The Al2O3 hollow fibres presented an 
asymmetric structure composed by a thin outer sponge-like layer and a plurality of self-
organised micro-channels, as can be seen in Figure 5.4 A1 and B1. The overall morphology 
of the fibre was well retained when the sintering temperature was increased from 1300 °C to 
1400 °C, which suggests a uniform shrinkage of the substrate as reinforced by the similarity 
in the extent of the micro-channel (approximately 88-89 %). The thin outer sponge-like layer, 
shown in Figure 5.4 A2 and B2, presents all the requirements (e.g. small pore size and 
reduced roughness) for direct deposition of Pd membranes. Meanwhile, the widely open 
micro-channels at the inner surface, shown in Figure 5.4 A3 and B3, lead to a lower mass 
transfer resistance across the substrate. In contrast to previous hollow fibre substrates with 
multiple sponge-like layers, the use of a solvent-based internal coagulant in this study 
allowed the micro-channels to initiate from the outer surface and grow continuously until 
penetrating through the inner surface, creating a significant number of openings. Therefore, 
the formed hollow fibre presents only one outer thin sponge-like layer of approximately 10 % 
of cross-sectional area, which significantly reduces the mass transfer resistance of the 
structure. Although similar methodologies have been used for developing capillary solid 
oxide fuel cells [27], dense hollow fibre membranes for oxygen separation [28] and hollow 
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fibre membranes for micro-filtration [18], this type of structures has not been used for 
developing highly permeable substrate for composite Pd membranes.  
 
 
Figure 5.4 – SEM images of Al2O3 hollow fibre substrates sintered at 1300 °C (A) and 1400 
°C (B): A1 and B1 whole view; A2 and B2 cross-section; and A3 and B3 micro-channel 
openings at inner surface. 
Table 5.2 – Properties of hollow fibres sintered at 1300 °C and 1400 °C. 
Parameter HF 1300 °C HF 1400 °C 
Outer Diameter (mm) 2.72 ± 0.014 2.37 ± 0.010 
Inner Diameter (mm) 1.83 ± 0.033 1.72 ± 0.014 
Radial Micro-channels Extent (%) 88 ± 1 89 ± 3 
Porosity (%) 64 54 
Mechanical Strength (MPa) 41 74 
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The increase of sintering temperature from 1300 °C to 1400 °C leads to a reduction of 13 % 
and 6 % in the outer and inner diameter of the hollow fibre substrate, respectively, which 
suggests a greater densification at a higher sintering temperature. In order to evaluate the 
impact of such densification in the substrate morphology, a detailed assessment of the pore 
structure was performed by mercury intrusion porosimetry and summarised in Figure 5.5 and 
Table 5.2. As can be seen in Figure 5.5, the peak between 5 and 20 µm, which represents the 
pore size of the micro-channels entrances, was little affected by the sintering temperature. In 
contrast, the intensity of the peak corresponding to the packed-pore network of the sponge-
like layer, located between 0.1 and 0.3 µm, was substantially reduced when the sintering 
temperature was increased from 1300 °C to 1400 °C. Since this peak represents both the 
outer sponge-like layer and the wall between micro-channels, the decrease in peak intensity 
and area indicates a significant reduction in porosity. The increase in sintering temperature 
lead to a reduction of the overall porosity from 64 % to 54 % and, consequently, an increase 
of mechanical strength from 41 to 74 MPa (Table 5.2).  
 
 
Figure 5.5 – Pore size distribution of asymmetric Al2O3 hollow fibre substrates sintered at 
1300 °C and 1400 °C. 
 
The effect of sintering temperature on the permeation properties of the substrate was 
evaluated using nitrogen permeation. As shown in Figure 5.6, the nitrogen permeance 
increases linearly with pressure and is not significantly affected by the sintering temperatures 
of the substrates. For instance, the nitrogen permeance of the substrate sintered at 1400 °C is 
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only 5-10 % lower than that sintered at 1300 °C, although there are obvious changes in 
micro-structures (Figure 5.4). Moreover, nitrogen permeances presented in this study are 
about 8 to 9 times greater than for an asymmetric Al2O3 hollow fibre substrate of a different 
structure (with thicker sponge-like layer(s) and shorter micro-voids) and sintered at 1450 °C 
[15]. Although the sintering temperatures applied in this study are lower, the enhanced 
permeation properties of the substrates should be mainly an outcome of the improved 
substrate micro-structures (thinner sponge-like layer). Nevertheless, the permeation 
properties of the substrate can also be highly improved by enlarging substrate pore size. 
However, the minimum thickness required to ensure the formation of a dense defect-free Pd 
membrane would be much higher [29]. Therefore, the current substrate structure combines 
the benefits of reducing mass transfer resistance and allowing the formation of thin and 
integrated Pd membranes.  
 
 
Figure 5.6 – Nitrogen permeance of asymmetric Al2O3 hollow fibre substrates sintered at 
1300 °C and 1400 °C. 
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5.4.2 Microstructures of Pd/Al2O3 composite hollow fibre membrane  
Figure 5.7 presents the SEM images of the cross section and top surface of the membrane 
Pd–1.0 and Pd–3.3 with a thickness of 1.0 µm and 3.3 µm, respectively. The segmentation 
and separation of the substrate shown in Figure 5.7 A1 was caused during the preparation of 
the samples. A dense and defect-free separation layer was obtained for both membranes, as 
shown in Figure 5.7 A2 and B2. The integrity of the membrane was further proven by a gas 
tightness test [26], in which the presence of any pinholes could be easily detected. 
Furthermore, the membrane stability at elevated temperatures was verified before (Ar, 450 °C 
and 200 KPa) and after (Ar, 450 °C and 165 KPa) hydrogen permeation test. The excellent 
integrity of the membranes is mainly due to the uniform packed-pore network of the thin 
outer sponge-like layer (Figure 5.4).  
 
 
Figure 5.7 – SEM images of the asymmetric Pd/Al2O3 composite hollow fibre membranes: 
(A1) cross-section of Pd – 1.0, (B1) cross-section of Pd – 3.3, (A2) top surface of Pd – 1.0, 
and (B2) top surface of Pd – 3.3. 
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5.4.3 Hydrogen permeation results through asymmetric Pd/Al2O3 composite hollow 
fibre membranes 
Figure 5.8 shows the hydrogen permeation through the Pd/Al2O3 composite hollow fibre 
membranes (Pd-1.0/HF-1300, Pd-3.3/HF-1300, Pd-1.0/HF-1400 and Pd-3.3/HF-1400) at 
different temperatures and transmembrane pressures. As expected, hydrogen permeation flux 
increases with the elevated temperatures and transmembrane pressures. Moreover, the mass 
transfer resistance of the substrate will not represent major limitations since its gas 
permeability (as shown in Figure 5.6) is more than 20 times higher than the composite 
membranes. According to Irfan Hatim et. al. [15], resistance for hydrogen permeation 
through a Pd composite membrane combines three major parts, i.e. resistance from coated Pd 
membrane, substrate and an intermediate layer formed due to Pd penetration (during the 
course of ELP). The resistance of the coated Pd membrane and porous substrates has been 
well investigated. However, the contribution of the penetrated Pd in hydrogen permeation is 
still unclear. Penetrated Pd can fill and block all the packed-pore network of the intermediate 
layer, thus increasing the actual thickness of the Pd membrane, or reduce the porosity or pore 
size of the substrate, therefore increasing the gas permeation resistance of this layer.  
Due to the low thickness of Pd membrane (1.0 µm) and low sintering temperature (1300 °C) 
of the hollow fibre substrate, Pd-1.0/HF-1300 shows the highest hydrogen permeation flux. 
In contrast, when a thicker Pd membrane (3.3 µm) is used, namely Pd-3.3/HF-1300, there is a 
reduction in hydrogen permeation flux by approximately 3 times, for example from 0.87 to 
0.29 mol∙s-1∙m-2 at 450 °C and 165KPa. The relationship observed between H2 permeation 
flux and membrane thickness suggests that diffusion of H2 in the Pd layer is the rate-limiting 
step for hydrogen permeation, as the intermediate layer formed is still porous and provided 
negligible resistance.  
A substantial reduction in hydrogen permeation was observed when comparing the 
membrane of Pd-1.0/HF-1300 to the membrane of Pd-1.0/HF-1400. As suggested before, the 
sintering temperature has limited impact towards the substrate permeability. Therefore, the 
change in hydrogen permeation is associated with the formation of intermediate layer. The 
analysis of MIP results (Figure 5.5) of hollow fibre substrates sintered at 1300 to 1400 °C 
revealed a significant decrease in the porosity of the packed-pore network of the sponge-like 
layer. Furthermore, an average pore size of approximately 0.18 and 0.22 µm was obtained for 
the sponge-like layer of HF-1300 and HF-1400, respectively. This is in agreement with 
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results reported in literature [19]. Due to the slightly bigger pore size of HF-1400, the 
penetration of Pd in this substrate is easier to occur. Moreover, as the membrane of HF–1400 
has lower porosity or higher densification than that of HF–1300, the impact of Pd penetration 
is more likely to reduce the porosity. Thus, additional resistance from the intermediate layer 
compromises the hydrogen permeation flux measured under the same operating conditions. 
This phenomenon can be further reinforced by comparison of the hydrogen permeation 
between the membrane of Pd-1.0/HF-1400 and Pd-3.3/HF-1400 in which there is 1.5 times 
reduction in hydrogen permeation when the membrane thickness is increased 3 times, 
suggesting the adverse effect of the intermediate layer when the Pd layer becomes very thin. 
The results shown in Table 5.3, in which thicker membranes [15] presented similar or higher 
H2 permeation fluxes than that of thinner membranes [20], could then be explained by Pd 
penetration into the substrate, hence the formation of the intermediate layer.  
In contrast, the composite membranes of Pd-3.3/HF-1300 and Pd-3.3/HF-1400 presented 
similar hydrogen permeation fluxes. As a result, the rate-limiting step should be mainly 
associated with diffusion through the Pd membranes. 
 
Figure 5.8 - Hydrogen flux through asymmetric Pd/Al2O3 composite hollow fibre 
membranes, i.e. Pd-1.0/HF-1300, Pd-3.3/HF-1300, Pd-1.0/HF-1400 and Pd-3.3/HF-1400. 
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Table 5.3 compares the hydrogen permeation fluxes of Pd composite membranes presented in 
this study with those previously reported. Regardless the additional resistance provided by 
the penetration of Pd to form the intermediate layer, the hydrogen permeation flux of Pd-
1.0/HF-1300 is still significantly improved. The importance of designing a highly permeable 
substrate structure and, subsequently, improve hydrogen permeation of the composite 
membranes is then proven. In order to minimize Pd penetration, the implementation of pre-
treatments such as a sacrificial layer [30] can contribute to further enhance hydrogen 
permeation towards the level of an ultra-thin defect-free Pd membrane. 
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Table 5.3 – Reported hydrogen permeation fluxes through palladium membranes. 
Substrate Method Thickness (µm) T (K) P (kPa) n Selectivity 
H2 flux 
(mol·m-2·s-1) 
Ref 
Asymmetric Al2O3 tubes (od = 2.9 mm, id = 2.2mm) Modified ELP 0.9 733 105 1 9200 0.40 [11] 
Al2O3 tubes (od = 13 mm, id = 8 mm) Modified ELP 2.4 773 100 - 32500 0.38 [31] 
Al2O3 tubes (od = 2.0 mm, id = 1.6 mm) VELP 3.7 823 100 0.5 1000 0.35 [32] 
Al2O3 hollow fibres (od = 2.9 mm, id = 2.2 mm) with 
a polymer precursor layer 
Modified ELP 5 773 100 1  0.33 [30] 
Hastelloy discs of 25.4 mm diameter and 1.2 mm 
thickness 
ELP 7.5 823 100 0.5  0.33 [12] 
The membranes were laser-welded directly between 
two face-to-face arranged stainless-steel sheets with 
10 microchannels each. 
CR 12.5 623 150 1 30000 0.22 [33] 
Inconel tubes ELP 7.7 723 100 0.5 5900 0.16 [34] 
Al2O3 tubes (od = 3 mm, id = 2,3 mm) CVD 2 573 30 1 5000 0.10 [35] 
Asymmetric Al2O3 hollow fibres sintered at 1450 °C ELP 5 723 134 0.5  0.10 [15] 
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Asymmetric YSZ-Al2O3 hollow fibre sintered 1500 °C   ELP 1.2 723 100 1 2600 0.5 [14] 
Al2O3 tubes (od = 11 mm, id = 9.5 mm) VELP 6 753 100 1 2100 0.09 [36] 
Asymmetric Al2O3 hollow fibres sintered at 1500 °C ELP 1.5 723 100 1 3115 0.09 [20] 
Al2O3 tubes (od = 2 mm) ELP 13 687 100 0.5 2000 0.03 [8] 
Al2O3 tubes (od = 10 mm, id = 8 mm) ELP 7 573 35 0.5 200 0.01 [37] 
Asymmetric Al2O3 hollow fibres sintered at 1300 °C ELP 1.0 723 165 - - 0.87 
This 
work 
Asymmetric Al2O3 hollow fibres sintered at 1300 °C ELP 3.3 723 165 - - 0.29 
This 
work 
Asymmetric Al2O3 hollow fibres sintered at 1400 °C ELP 1.0 723 165 - - 0.48 
This 
work 
Asymmetric Al2O3 hollow fibres sintered at 1400 °C ELP 3.3 723 165 - - 0.28 
This 
work 
Od: outer diameter, id: inner diameter, CR: cold-rolled, MS: magnetron sputtering, ELP: electroless plating, CVD: chemical vapour deposition, 
VELP: vacuum-assisted electroless plating 
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5.5 Conclusions 
A Al2O3 hollow fibre substrate with an outstanding asymmetric micro-structure, which 
consists of a thin sponge-like layer and a plurality of micro-channels, has been successfully 
developed. The thinner outer sponge-like layer allows the formation of a thin Pd membrane 
of approximately 1 µm, and it is substantially more permeable than the previous counterparts. 
As a result, a hydrogen permeation flux of 0.87 mol·s-1·m-2 can be achieved at 450 °C and a 
pressure difference of 165 KPa. The hydrogen permeation was further investigated by using 
Pd membranes of different thicknesses (1.0 and 3.3 µm) and the substrates sintered at 
different temperatures (1300 and 1400 °C). The negative impact of Pd penetration on 
hydrogen permeation was clearly observed, especially for thinner Pd membrane. Further pre-
treatments, aiming at the suppression of such intermediate layer, are suggested as a route to 
enhance hydrogen permeation through the composite membrane. 
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Chapter 6  
A Catalytic Hollow Fibre Membrane Reactor for Combined 
Steam Methane Reforming and Water Gas Shit Reactions 
 
6.1 Abstract 
This chapter focuses on the development and evaluation of a catalytic hollow fibre membrane 
reactor (CHFMR) for the combined steam methane reforming and water gas shift reaction. 
The CHFMR is developed by firstly incorporating a Ni/SBA-15 catalyst (Chapter 3) into the 
micro-channels of a highly micro-structured Al2O3 hollow fibre (Chapter 4), followed by the 
coating of a 3.3 µm Pd membrane using the electroless plating method (Chapter 5).  
Despite the reasonable performance of all the CHFMR components (catalyst, catalytic hollow 
fibre and Pd/Al2O3 composite membrane) when characterized separately, assembling them 
together into a membrane reactor did not lead to the expected performance. Possible reasons 
for this were investigated via several designed experiments. Excessive removal of H2 through 
the Pd membrane has been considered as the major reason, since it might have led to the 
deactivation of Ni due to carbon formation, oxidation of Ni into NiO and blockage of 
catalytic active sites by chemisorption of hydrocarbons and reactive coke precursors. In 
addition, the partial deactivation of Ni, caused by leaching and poisoning of the catalyst 
during the electroless plating of Pd membrane, also impaired the catalytic performance of 
CHFMR. Therefore, apart from further optimizing the operating conditions in order to match 
the reaction rate with the hydrogen permeation rate, the use of alternative catalysts with 
higher stability, especially under low hydrogen partial pressures, is suggested for the future 
development of CHFMR.  
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6.2 Introduction 
A catalytic membrane reactor, a unit coupling membrane separation and catalytic reactions, 
has been studied for a wide spectrum of energy related applications [1-4]. In addition to 
potential benefits, such as simplified systems and improved synergy, harvesting purified 
target products via membrane separation is always expected to assist more efficient catalytic 
reactions. From this point of view, the application of membrane reactor to existing energy 
and environment related processes promises to generate innovative solutions to numerous 
technical challenges  [5]. 
Pre-combustion decarbonization is one of the three main routes for power generation from 
fossil fuels with low or no CO2 emission. In this process, fuels such as methane, coal and 
petroleum are converted into H2 and CO2. The hydrogen as a clean energy carrier can be used 
for the production of electricity using fuel cells, while the concentrated CO2 is ready for 
sequestration or chemical fixation in, for example, cyclic carbonates [1]. As thus, the key to 
the success of the pre-combustion decarbonization approach is the efficient conversion of the 
hydrocarbon fuel to H2 and CO2, and their separation. Furthermore, achieving this in a single 
step under relatively mild conditions would lead to a substantial reduction in energy costs [6].  
Despite the intensive energy consumption and complicated process, steam methane reforming 
(SMR) still dominates current industrial processes for H2 production. This is a typical 
endothermic and thermodynamically controlled reforming reaction that is favoured at high 
temperatures and low pressures. The CO formed by SMR is further reacted with steam to 
generate additional H2 via water-gas shift reaction (WGS) [7, 8]. 
The use of a membrane reactor allows the in-situ removal of H2, promoting the shift of the 
SMR reaction towards products, as stated by LeChâtelier's principle, and the surpass of 
equilibrium limitations. Moreover, improving mass and heat transfers of a micro-reactor 
design by enlarging effective surface area for catalytic reaction and reducing transport 
distances, would further intensify the process [9-12]. Therefore, higher methane conversion 
and H2 yield can be expected, at much lower temperatures, and CO2 can be captured.  
Pd-based membranes have been widely employed for the selective separation of H2 and 
proved efficient in harvesting H2 in-situ from the catalytic reaction zone of membrane 
reactors [13-16]. Meanwhile, the unique micro-voids/channels inside ceramic hollow fibres, 
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fabricated via a viscous-fingering induced phase-inversion process, provide an interesting 
solution towards a more efficient mass and heat transfer in catalytic reactions [13]. This led to 
conversions exceeding equilibrium limitations, together with a significantly enhanced 
productivity rate which indicates a more efficient utilization of the catalyst when incorporated 
in the micro-structured ceramic hollow fibres. However, the advantages of shifting reactions 
above equilibrium limitations and more efficient utilization of catalyst have been only 
observed for single reactions, such as ethanol reforming [17], WGS [18], propane 
dehydrogenation [19]. The effect of membrane separation on catalyst stability and, 
subsequently, the whole catalytic reaction has not been investigated for more complicated 
systems, such as the combined SMR and WGS reaction.  
As a result, the proof-of-principle study in this chapter focuses on the use of a catalytic 
hollow fibre membrane reactor for combined SMR and WGS reactions, at operation 
temperatures significantly lower than the one normally used for SMR reaction (700-900 °C). 
The reactor of this type consists of an integrated Pd membrane supported on the outer surface 
of a highly permeable and micro-structured alumina hollow fibre substrate, where Ni-based 
catalyst is deposited. In contrast to previous reactor counterparts, the ceramic hollow fibre 
substrates used in this study have micro-channels opened on the inner surface. This allows a 
more flexible incorporation of catalysts via both in-situ preparation and wash-coating. Apart 
from incorporating in-situ H2 separation and improving mass and heat transfer efficiencies of 
the reactor design, the role of membrane separation on catalyst stability and overall 
performance of the membrane reactor is also outlined.  
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6.3 Experimental 
6.3.1 Chemicals and Materials 
The ceramic suspension for hollow fibre fabrication consists of α-Al2O3 powder (1µm, 
VWR), dimethyl sulfoxide (DMSO, VWR), arlacel P135 (Uniqema), and polyethersulfone 
(PESf, Ameco Performance) as ceramic material, solvent, dispersant and polymer binder, 
respectively. n-hexane (HPLC grade, VWR) and 1,4-Dioxane (HPLC grade,VWR) were used 
as bore fluid in the preparation of ceramic hollow fibres. 
Absolute ethanol (VWR), hydrochloric acid (HCl, 12M, VWR), Pluronic P123 
(poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) copolymer, 
MW = 5800, Sigma Aldrich) and tetraethyl orthosilicate (TEOS, Sigma Aldrich) were used 
for the preparation of SBA-15 by sol-gel method. Nickel (II) nitrate hexahydrate 
(Ni(NO3)2.6H2O, Sigma Aldrich) was the metal source for the incipient wetness impregnation 
of nickel.  
The sensitisation and activation solution for Pd membrane deposition were prepared by 
mixing tin (II) chloride dehydrate (puriss. p.a., Sigma-Aldrich) and palladium (II) chloride 
(99.999%, Sigma-Aldrich) with hydrochloric acid (37%, AnalaR NORMAPUR) and 
deionized water, respectively. Tetraamminepalladium (II) chloride monohydrate 
(Pd(NH3)4Cl2
.H2O, 99.99% metals basis, Sigma-Aldrich), ammonium hydroxide (NaOH, 
28% in H2O, Sigma-Aldrich), EDTA (IDRANAL®III, Riedel-deHaen) and hydrazine 
hydrate (Sigma-Aldrich) were used to prepare the palladium plating solution. 
 
6.3.2 Preparation of micro-structured Al2O3 hollow fibres 
A highly structured asymmetric Al2O3 hollow fibre was prepared by a viscous-fingering 
induced phase-inversion technique followed by high temperature sintering. Firstly, a 
homogeneous Al2O3 suspension of approximately 55 wt. % Al2O3 powder, 39.1 wt. % 
DMSO, 0.39 wt. % dispersant and 5.5 wt. % PESf was prepared via ball milling. After 
degasing, the ceramic suspension was transferred into 200 mL stainless steel syringes. A 20 
wt. % 1,4-dioxane in n-hexane solvent mixture was used as the bore fluid. The ceramic 
suspension and bore fluid were co-extruded through a tube-in-orifice spinneret (OD 3.5 mm, 
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ID 1.2 mm), both at the same flow rate of 15 mL.min-1, into a coagulation bath with no air 
gap (0 cm). The hollow fibre precursors were kept in the coagulation bath for a few hours to 
complete the phase inversion. After straightening and drying, the precursor fibres were 
sintered in a tubular furnace (Elite TSH17/75/450) at 1400 °C for 4 h. Prior to the catalyst 
incorporation, the outer surface, with the exception of the central 7 cm, were coated with a 
gas-tight glaze by a thermal-treatment at 900 °C for 1 h. 
 
6.3.3 Deposition of Ni/SBA-15 catalyst into hollow fibres  
The incorporation of Ni/SBA-15 catalyst into hollow fibre was carried out by synthetizing the 
catalyst in-situ via a two-step process, i.e. incorporation of SBA-15 via a sol-gel method and 
incipient wet impregnation of nickel nitrate.  
A SBA-15 sol was prepared by firstly dissolving 10 g of Pluronic P123 in 50 g of ethanol and 
2 g of HCl (1M) using a magnetic stirrer, followed by the addition of 20.8 g TEOS with 
further stirring. The viscosity of the sol was adjusted by heat treating the solution in a fan 
oven (Salvislab Thermocenter) at 40 °C for 12 h. The incorporation of the sol into the hollow 
fibre was performed by immersing the substrate in the SBA-15 sol under vacuum (a vacuum- 
assisted method). The phase transition from sol to gel was performed in a fan oven at 40 °C 
overnight, followed by a calcination step at 600 °C for 5h, with a heating rate of 1 °C∙min-1. 
The impregnation of Ni was performed by immersing the SBA-15/Al2O3 hollow fibre in an 
ethanol based nickel nitrate solution (25wt% Ni) under vacuum. The evaporation of solvent, 
i.e. ethanol, was conducted in the fan oven at 40 °C overnight. The oxidation of Ni(NO3)2 to 
nickel oxide (NiO) was performed in the tubular furnace at 550 °C for 6 h with a heating rate 
of 1 °C∙min-1. 
 
 
 
Chapter 6                                          A Catalytic Hollow Fibre Membrane Reactor for Combined Steam Methane 
Reforming and Water Gas Shit Reactions 
 
 
 
158 
 
6.3.4 Palladium membrane deposition by electroless plating 
The deposition Pd membrane was performed in a two-step process: sensitisation/activation, 
aiming at seeding the non-conductive Al2O3 hollow fibre with Pd nuclei, and electroless 
plating. The sensitisation/ activation was carried out by immersing the substrate sequentially 
in five different chemical baths: acidic SnCl2 (1g
.L-1) solution for 5 min, in order to sensitise 
the support; deionized water for 5 min; acidic PdCl2 solution (0.1g
.L-1) for 5 min, to form the 
Pd0 seeds; diluted HCl (0.01M) for 2 min, to remove excess of Sn4+ and Sn2+ ions; and 
deionized water for 3 min, also to remove excess of chemicals. This sequential process was 
repeated for 8 times in order to ensure a uniform distribution of sufficient Pd0 on the outer 
surface of the substrate. The electroless plating was then performed by immersing the 
activated substrate in a Pd plating solution, which was prepared by mixing 1 g of 
Pd(NH3)4Cl2
.H2O, 10.025 g of di-sodium ETDA, 49.5 ml of ammonia and 200.5 ml deionised 
water. Preceding the electroless plating, Pd plating solution was left to stabilize for at least 
16h. The electroless plating was performed at 60 °C for 1 h, with a solution volume/substrate 
surface area ratio of 3.5:1. A hydrazine solution (5.6 mL.L-1) was used as a reducing agent 
[20].  Two cycles of electroless plating were performed in order to achieve a highly selective 
and defect-free Pd membrane. 
 
6.3.5 Characterization  
The morphology of all catalytic hollow fibre membrane reactor (CHFMR) components, i.e. 
Pd membrane, alumina hollow fibre substrate and catalyst, was characterized by scanning 
electron microscopy (SEM, JEOL JSM-5610LV and LEO Gemini 1525 FEG-SEM). Prior to 
SEM analysis, the samples were gold coated in a vacuum chamber (EMITECH Model K550) 
for 2 min at 20 mA and brush painted with silver. The pore structure and porosity of the 
Al2O3 hollow fibre, as well as the catalytic hollow fibres with integrated Pd membrane, were 
evaluated by mercury intrusion porosimetry (MIP, Autopore IV 9500, Micrometrics), over a 
pressure range between 1.5x103 and 2.3x108 Pa and with a set stabilization time of 10 s. 
ImageJ software was used to measure the inner and outer diameter of the HF and the 
thickness of the Pd membrane, based on the corresponding SEM images. 
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6.3.6 Catalytic Performance 
The catalytic performance of the different reactor configurations was evaluated using the 
experimental apparatus in Figure 6.1. The flow rates of the reactants and sweep gas (Ar) were 
controlled by individual mass flow controllers (Brooks Instrument, model 5800) with 
collective reader (Brooks Instrument, model 0254). A syringe pump (Chemix N5000) was 
used to feed liquid water in a heating coil (1/16’ stainless steel tube), which was connected to 
the reactor. The inlet and outlet pressure were monitored using a digital pressure gauge (Sick, 
10bar). The temperature of the tubular furnace (Vecstar SP HVT) was controlled by a 
temperature controller (CAL 9400) and monitored by a thermocouple located at the central 
position of the uniform heating zone (7 cm). The outlet stream was analysed by a gas 
chromatographer (Varian 3900) with a packed column (shincarbon, part nbr 19808) and the 
flow rate monitored by a bubble flow meter.  
The CHF (Figure 6.1 A), as well as CHFMR (Figure 6.1 B), was assembled by introducing 
the functionalized hollow fibre (30 cm in length) in a stainless steel tube (OD 1cm) and 
sealing both ends using epoxy resin. After placing and centring the reactors in the furnace, 
the system was purged thoroughly with Ar (50 mL.min-1). In CHFMR configuration, both 
shell and lumen sides were purged under similar conditions. Prior to the evaluation of 
catalytic performance, the catalyst was reduced from NiO into Ni at a set temperature of 400 
°C for 2 h and under H2/Ar atmosphere (10% for FBR and CHF and 50% for CHFMR).  
The catalytic performance test was then investigated at a set temperature range between 450 
°C and 550 °C, under atmospheric pressure and with a steam to methane ratio of 2. A 
stabilization time of 1 h was adopted for each operating temperature. At the shell side, the 
sweep gas flow rate of 50 mL.min-1 was kept constant throughout the catalytic performance 
test of CHFMR. 
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Figure 6.1 – Schematic representation of experimental apparatus and different reactor 
configurations.  
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The overall performance was evaluated based on effective CH4 conversion (XCH4), CO2 
selectivity (SCO2) and H2 Recovery (𝑅𝐻2), which are defined by the equations below: 
𝑋𝐶𝐻4 =
(𝐹𝐶𝑂 + 𝐹𝐶𝑂2)
𝐹𝐶𝐻4 𝐼𝑛𝑙𝑒𝑡
× 100% (6.1) 
𝑆𝐶𝑂2 =
𝐹𝐶𝑂2
(𝐹𝐶𝑂 + 𝐹𝐶𝑂2)
× 100% (6.2) 
𝑅𝐻2 =
𝐹𝐻 2𝑆ℎ𝑒𝑙𝑙
(𝐹𝐻 2𝑆ℎ𝑒𝑙𝑙 + 𝐹𝐻 2 𝐿𝑢𝑚𝑒𝑛)
 (6.3) 
 
where FCH4, FCO, FCO2, 𝐹𝐻 2𝑆ℎ𝑒𝑙𝑙, and 𝐹𝐻 2 𝐿𝑢𝑚𝑒𝑛 are the flow rates (mol∙min
-1) of methane, 
carbon monoxide, carbon dioxide and hydrogen in shell and lumen, respectively.  
 
6.4 Results and discussions 
6.4.1 Micro-structures of the catalytic hollow fibre membrane reactor (CHFMR) 
Hollow fibre substrate  
Figure 6.2 presents the SEM images of the microstructure of the Al2O3 hollow fibre, with an 
outer and inner diameter of 2.8 and 2.2 mm, respectively. The formed hollow fibres presented 
a highly asymmetric microstructure with a plurality of self-organized micro-channels 
occupying more than 90% of the cross-section and ideal for catalyst deposition, and a thin 
and continuous outer sponge-like layer for the coating of Pd membrane. Each micro-channel 
can be considered as a micro-reactor with more efficient heat and mass transfer efficiency, 
due to the characteristic confined dimensions. In contrast to the previous hollow fibre 
counterparts, in which there is a skin layer on the inner surface with a packed-pore network, 
these micro-channels have one end directly and fully open on the inner surface, as can be 
seen in Figure 6.2 B and C. As a result, the deposition of catalyst throughout the whole 
channel is facilitated, in contrast to previous counterparts with an inner skin layer acting as a 
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barrier. Moreover, a considerable number of openings on the inner surface are well larger 
than 10 µm, which indicates negligible external diffusion resistance for both reactants and 
products [21].With regards to the outer surface, which is shown in Figure 6.2 D, the uniform 
packed-pore network and smooth surface facilitate the coating of a thin and integrated Pd 
membrane for hydrogen separation. The overall porosity of the hollow fibre is approximately 
64%. 
 
 
Figure 6.2 – SEM images of Al2O3 hollow fibre: (A) whole view; (B) cross section; (C) inner 
surface; and (D) outer surface. 
 
Deposition of Ni/SBA-15 catalyst 
Despite the large micro-channel entrances (Figure 6.2 C), the selected catalyst (Ni/SBA-15) 
was incorporated into the hollow fibre via a two-step method, i.e. sol-gel process followed by 
impregnation. This methodology was selected since it has been proved effective for the 
substrates of this type in previous chapters. A SBA-15 and Ni loadings of approximately 8% 
and 3% were obtained, based on the weight gain after incorporating SBA-15 and Ni, 
respectively.  
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Figure 6.3 shows the SEM images of the Ni/SBA-15 catalyst dispersed throughout the Al2O3 
hollow fibre. The characteristics of catalyst layer vary slightly along the micro-channels, as 
shown in Figure 6.3 A1. The narrower top region of the micro-channel presents a thicker 
catalyst layer with cracks, Figure 6.3 A2, and the wider region close to the inner surface 
shows a uniform and continuous distribution of catalyst, Figure 6.3 A3. A discrepancy of this 
type might be related to the amount of SBA-15 precursor deposited in each region with 
different dimensions and, possibly different evaporation rate of ethanol when SBA-15 sol 
was converted into gel. Moreover, the SBA-15 layer did not block, partially or fully, the 
micro-channels entrances, as suggested by Figure 6.3 B1. A thin SBA-15 layer is also present 
on the inner surface, covering the parts between micro-channel entrances (Figure 6.3 B2).  
A uniform distribution of NiO particles can be observed throughout the hollow fibre, which 
includes the whole micro-channel (Figure 6.3 A4), packed-pore network (Figure 6.3 A5) and 
the inner surface (Figure 6.3  B2-B3).  
 
Figure 6.3 – SEM images of NiO/SBA-15 distribution in CHFMR: global cross section (A1); 
Ni/SBA-15 catalyst at the top narrow (A2) and lower width (A3) region of the micro-channel; 
A4 is an higher magnification of A2; packed pore network between micro-channels (A5); 
global inner surface (B1); and B2 and B3 are higher magnifications of B1. 
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Electroless plated Pd membrane for H2 separation 
As expected, a defect-free Pd/Al2O3 HF composite membrane, presenting a uniform Pd 
membrane of approximately 3.3 µm in thickness, was obtained by the electroless plating 
method. SEM images of both cross-sectional (Figure 6.4 A) and top surface (Figure 6.4 B) 
suggest the formation of a dense Pd membrane with high integrity and no pin-holes.  The 
integrity of the membrane was further confirmed separately at both room temperature and 
450 °C, at the maximum operating pressure of around 18 Psi and under argon atmosphere.  
 
 
Figure 6.4 – SEM images of the Pd membrane of CHFMR: (A) cross-section and (B) top 
surface of Pd membrane. 
 
In order to investigate the impact of catalyst incorporation, as well as Pd membrane 
deposition, on the microstructures of the hollow fibre, a detailed assessment of pore size and 
pore-size distribution was carried out by MIP and presented in Figure 6.5. The pore-size 
distribution of the Al2O3 hollow fibre follows a bimodal behaviour. The first peak at 0.22 µm 
corresponds to the pore size of the packed-pore network; and, the second peak, varying 
between 5 and 25 µm, indicates the opening of the micro-channels on the inner surface. 
Neither the incorporation of the catalyst or deposition of the Pd membrane affected the 
dimensions of the micro-channels entrances, since the corresponding peak did not present 
significant changes. This is in accordance with Figure 6.3 B1. In contrast, the peak 
representing the pore size of the packed-pore network, including the outer sponge-like layer 
and walls between micro-channels, indicates lowered porosity and slightly smaller pore size 
after incorporating catalyst and coating Pd membrane. This suggests that Pd penetrates into 
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the substrate and catalyst is deposited not only inside the micro-channels, but also throughout 
the packed-pore network (Figure 6.3 A5) as proven in Chapter 4. Furthermore, the formation 
of a catalyst layer along the micro-channel can also lead to the fulfilling of interparticles 
spaces in the micro-channel wall, as suggested in Figure 6.3 A2-A4, and result in the slight 
shift of the peak towards smaller pore size during MIP analysis.  
The deposition of the Pd membrane onto the hollow fibre had a slight impact on the pore size 
of the packed-pore network of the sponge-like structures, as suggested by the shifting and 
slightly lower intensity of the MIP corresponding peak. This is caused by the intrusion on Pd 
into the substrate, which leads to the formation of an intermediate layer (as discussed in 
Chapter 5).  
The overall changes in the pore size distribution of the CHFMR can be described as a 
combination of the variations observed for NiO/SBA-15 CHF and Pd/Al2O3 HF composite 
membrane, as shown in Figure 6.5. 
 
 
Figure 6.5 – MIP results of the Al2O3 HF, CHF Pd/ Al2O3 HF and CHFMR. 
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6.4.2 Catalytic performance of CHFMR 
During the course of fabricating the catalytic hollow fibre membrane reactor, Ni/SBA-15 was 
first deposited inside the micro-structured alumina hollow fibre substrate, followed by the 
electroless plating of Pd membrane. After assembling the CHFMR, a catalytic performance 
test was followed. Despite the excellent performance of each CHFMR component when 
characterized separately, e.g. high catalytic performance of CHF (Chapter 4) and high 
permeation flux in Pd/ Al2O3 HF composite membrane (Chapter 5), the CHFMR did not 
show catalytic activity between 375 °C and 550 °C. In order to address the reasons for this, 
the possible causes were investigates: effect of catalyst leaching during electroless plating, 
effect of in-situ hydrogen removal and effect of operating temperature.  
 
Effects of catalyst leaching on reactor performance 
The electroless plating of Pd membrane is carried out using strong chemical solution that may 
interact with Ni/SBA-15/Al2O3 hollow fibre, by leaching or contaminating part of NiO, the 
catalytic active phase of the CHFMR. The effect of electroless plating on the catalytic 
activity was thus evaluated by comparing the performance between a catalytic hollow fibre 
(CHF, without the Pd membrane) and a catalytic hollow fibre membrane reactor (CHFMR) 
that was operated as a CHF, by deliberately blocking the Pd membrane and, as a result, 
stopping the removal of H2.  
As can be seen in Figure 6.6, the effective CH4 conversion of CHF configuration is close to 
the thermodynamic equilibrium value and is significantly higher than the CHFMR operated 
as a CHF. This suggests that part of the catalyst was either contaminated or leached out 
during the electroless plating, as the only difference between the two configurations is the 
coating of a Pd membrane. For CHF, the methane conversion increases with elevated 
temperatures, reaching around 42% at 560 °C. On the other hand, for the CHFMR, the 
effective methane conversion is considerably lower, 21% at both 538°C and 560 °C. 
As expected, from the thermodynamic point of view, the CO2 selectivity decreases with the 
increase of temperatures. However, similar to methane conversion, the CO2 selectivity of 
CHFMR (operated as CHF) at set temperatures of 538 °C and 560 °C is similar, 94.7 % and 
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95.10 %, respectively. Despite the significantly higher methane conversion, the CO2 
selectivity of CHF configuration at low temperatures is similar to CHFMR. Although the 
activity of the catalyst is affected by the electroless plating procedure, it still functions when 
there is no removal of H2.  
 
 
Figure 6.6 – Temperature dependent effective methane conversion (A) and CO2 selectivity 
(B) of CHF and CHFMR modified to stop H2 removal. 
 
Effects of in-situ H2 removal  
SMR can be considered as a coke-intensive reaction, in which the produced hydrogen can 
rapidly remove reactive coke precursors from the Ni active sites and, as a result, reduce 
carbon formation and lastly avoid deactivation of the catalyst [22-24]. Furthermore, the 
presence of hydrogen can reverse the blockage of catalytic sites by chemisorption of 
hydrocarbons and delay the sintering of Ni particles, which can rapidly grow under 
atmospheres containing oxygen and water vapour [23]. The hydrogen can also prevent the 
oxidation of Ni [25] and reduce residual NiO particles. Although electroless plating leads to 
the loss of catalyst activity, the remaining catalyst is still active (Figure 6.6). Therefore, the 
poor performance of CHFMR can also be related to the in-situ removal of H2. As a result, 5 
mL.min-1 of H2 were added in either the shell or the lumen of the CHFMR, for the purpose of 
mitigating the hydrogen permeation through the Pd membrane or increasing the hydrogen 
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concentration at the reaction side. Figure 6.7 shows the effective methane conversion (Figure 
6.7 A) and CO2 selectivity (Figure 6.7 B) of the CHFMR operated at different conditions, as 
well as of CHF for comparison purpose. The addition of H2 at both reaction and permeate 
sides, i.e. lumen and shell, was beneficial and contributed to higher methane conversions. 
This suggests that maintaining a certain concentration of H2 in the reaction zone is important 
to avoid the deactivation of Ni, due to the possible reasons mentioned above. The supply of 
H2 at the reaction zone had a more positive impact since higher effective methane 
conversions were achieved (e.g. 22.2% at 562 °C for CHFMR – Lumen and 7.4% at 553 °C 
for CHFMR – Shell). This might be due to an improved contact between catalyst and H2, 
when fed in lumen, showing clearer the advantages of H2 addition. The trend observed for 
CO2 selectivity was as expected, considering the thermodynamic behaviour of the overall 
SMR reaction. Although the supplemented H2 helps to lessen the deactivation of Ni, the 
overall performance is still below the CHF. As mentioned previously, the SMR reactions are 
limited thermodynamically and, as a result, the addition of hydrogen actually suppresses the 
methane conversion. 
 
 
Figure 6.7 – Temperature dependent effective methane conversion (A) and CO2 selectivity 
(B) of CHF and CHFMR operated with addition H2 either in lumen or shell sides. 
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Effects of initial operating temperatures 
The poor performance of CHFMR, together with discussion related to Figure 6.7, also 
indicates that a mismatch between hydrogen production rate and permeation rate can greatly 
and negatively affect the catalytic activity of Ni, which can be accumulated with time. Apart 
from adding H2, another approach for increasing H2 concentration at the reaction side is to 
start the reaction at a higher temperature. As a result, a new CHFMR was used for each 
selected operating temperature and the results are presented in Figure 6.8. As can be seen in 
Figure 6.8 A, methane conversion of the CHFMR at 462 °C is considerably higher than the 
CHFMR operated as a CHF (Figure 6.6) and those with additional hydrogen (Figure 6.7). 
This indicates that catalyst deactivation due to over removal of hydrogen, especially from low 
operation temperatures, is the major reason for the poor performance of the membrane 
reactor. In contrast to CHF, the methane conversion of CHFMR at 462 °C is lower, which 
may be attributed to the loss or contamination of Ni caused during the electroless plating of 
the Pd membrane (Figure 6.6). As the starting operating temperature increases, the methane 
conversion of CHFMR becomes closer to the CHF, as well as to the equilibrium conversion 
of the combined SMR and WGS reaction. Finally, at 560 °C the catalytic performance of the 
CHFMR exceeds the CHF and it is slightly above the equilibrium. 
CO2 selectivity of CHF configuration decreases with the increasing temperature (Figure 6.8 
B), which is in alignment with thermodynamic behaviour of WGS reaction. On the other 
hand, for CHFMR, CO2 selectivity increases at 575 °C (from 91% to 94%), which is an 
indication that hydrogen removal further assists the production of CO2 by shifting the 
reaction towards product side. In order to evaluate the quantity of H2 permeated through the 
membrane, the H2 recovery was evaluated. As shown in Figure 6.8 C, the H2 recovery 
increased with elevated temperatures, as expected since the H2 permeation occurs via a 
solution-diffusion mechanism, which strongly depends on operating temperatures. The 
sweep-gas flow rate adopted (50 mL∙min-1) was lower than the total flow rate of reactants in 
order to reduce the driving-force across the membrane and, as a result, mitigate the over 
removal of H2 and the deactivation of the catalyst. This might be the reason for the lower 
recovery achieved at low temperatures, since the concentration of H2 in the reaction zone is 
low. Moreover, at 560 °C the H2 recovery reaches 43%, with the H2 concentration of 7% 
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estimated at the reaction side. This value is very similar to the one in the outlet stream of 
CHF, i.e. 9% at 560 °C. 
 
Figure 6.8 – Temperature dependent effective methane conversion (A), CO2 selectivity (B) 
and H2 Recovery (C) of CHF and CHFMR operated at single temperature. 
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6.5 Conclusions 
A catalytic hollow fibre membrane reactor (CHFMR) was successfully developed by 
incorporating a Ni/SBA-15 catalyst into micro-channels, and coating a 3.3 µm Pd membrane 
on the outer surface of a highly micro-structured Al2O3 hollow fibre. The initial low catalytic 
performance of the assembled CHFMR was mainly caused by the over removal of H2 from 
the reaction zone. The low concentration of H2 in the reaction zone might lead to deactivation 
of Ni caused by carbon formation, oxidation of Ni back into NiO and blockage of catalytic 
sites by chemisorption of hydrocarbons and reactive coke precursors. The addition of H2 in 
both reaction (lumen) and permeate (shell) zones improved the effective methane conversion 
of CHFMR. However, the overall performance of the CHFMR with H2 addition was still less 
than the one achieved by CHF. The partial deactivation of Ni caused by leaching and 
poisoning of catalyst during the electroless plating can be another reason, as suggested by the 
lower catalytic performance of CHFMR without H2 removal when compared to CHF.  
With the purpose of a better matching between hydrogen production and removal rates, the 
effect of operating temperature on the catalytic performance of CHFMR was evaluated. The 
performance of the CHFMR reaches similar values, at 538 °C, or overcome the CHF, at 560 
°C, by achieving an effective methane conversion of 53 %, a CO2 selectivity of 94 % and a 
H2 recovery of 43%. This suggests that, although not significant, hydrogen removal assists 
the conversion of methane by shifting the reaction towards products side.   
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Chapter 7  
Conclusions and Future Work 
 
7.1 Overall conclusions 
This thesis focuses mainly on the development of a catalytic hollow fibre membrane reactor 
(CHFMR) for the pre-combustion decarbonisation process, via the combined steam methane 
reforming (SMR) and water-gas shift (WGS) reaction. A highly asymmetric Al2O3 hollow 
fibre, which was prepared by a viscous-fingering induced phase-inversion and sintering 
technique, was employed as the functional substrate for the incorporation of a Ni/SBA-15 
catalyst and the deposition of a palladium (Pd) membrane. The incorporation of the catalyst 
into the micro-channels of the hollow fibre was carried out by a two-step method: deposition 
of SBA-15 by a sol-gel method and Ni by wet incident impregnation. The Pd membrane was 
then coated onto the outer surface of the micro-structured hollow fibre by electroless plating 
technique. The overall performance of the CHFMR was then evaluated under different 
operating conditions. 
Each component of the CHFMR, i.e. catalyst, catalytic hollow fibre (CHF) and Pd/Al2O3 
composite membranes for H2 separation, was developed separately and investigated in the 
individual chapters (Chapter 3-5), before being assembled into a CHFMR for performance 
evaluation (Chapter 6). The development of the micro-structured ceramic hollow fibre was 
included into the chapters related to catalyst deposition into hollow fibres and Pd membrane, 
instead of being treated as an independent chapter. Major findings of each experimental 
chapter are summarized as following. 
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7.2 Major Findings 
7.2.1 Preparation, Characterization and Catalytic Performance of Ni/SBA-15 Catalysts  
In Chapter 3, Ni/SBA-15 catalysts with different Ni loadings (5-25 wt. %) and using SBA-15 
supports prepared by different methods (sol-gel, hydrothermal and commercially available 
for the purpose of comparison) were developed and characterized. Apart from investigating 
the catalysts themselves, this study provided guidance for the incorporation of the catalyst 
into the micro-structured ceramic hollow fibres in the following related chapters.  
The morphology, i.e. shape, particle and grain sizes, and purity of the SBA-15 varied 
significantly with the fabrication methodology followed, which further affected the 
distribution and activity of Ni particles that presented different interactions with the SBA-15 
supports. The major differences in catalytic performance are thus attributed to the amount of 
Ni metal available for the catalytic reaction, more specifically the level of interaction with the 
SBA-15 support. Moreover, Ni distribution is strongly dependent on the metal loading, 
particle size, apart from the microstructure of SBA-15 itself. Among the catalysts 
investigated, 25 wt. % Ni/SBA-15 SGM catalyst presented the best catalytic performance, 
achieving a methane conversion of 23 % and a CO2 selectivity of 82 % at 548 °C. As a result, 
this was the catalyst formulation adopted for the following chapters. 
 
7.2.2 A Micro-Structured Catalytic Hollow Fibre Reactor 
In Chapter 4, Ni-based catalysts, with or without the SBA-15 as a secondary support, were 
deposited into a micro-structured alumina hollow fibre to form a catalytic hollow fibre 
(CHF). A Al2O3 hollow fibre with a highly asymmetric micro-structure, i.e. a plurality of 
self-organised radial micro-channels penetrating through the inner surface and an outer thin 
sponge-like layer, was prepared by a viscous-fingering induced phase-inversion and sintering 
technique. The unique micro-channels, which are distinctive from micro-voids reported in 
previous ceramic hollow fibres as they present significant open entrances on the inner 
surface, contribute to substantially increase the geometric surface area, facilitate catalyst 
incorporation and enhance the interaction between reactants. Meanwhile, this feature of the 
micro-structured hollow fibre significantly reduces the mass transfer resistance of the 
substrate.  
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The incorporation of the catalyst was performed using a two-step process, i.e. incorporation 
of SBA-15 via a sol-gel method followed by wet impregnation of nickel. In order to assess 
the effect of catalyst loading and distribution on catalytic performance, the viscosity of the 
SBA-15 sol was varied by using different aging times. An increase in both SBA-15 and Ni 
loadings was observed for SBA-15 sol of higher viscosities (longer aging time). Furthermore, 
the increase in viscosity led to the formation of a more defined catalyst layer along the radial 
micro-channels and less penetration of SBA-15 sol and Ni into the packed-pore network of 
the sponge-like structure. Although the methane conversions of both catalytic hollow fibres 
and packed-bed reactor were similar and close to thermodynamic equilibrium, the gas hourly 
space velocity in the catalytic hollow fibre configuration was about 6.5 times higher. This 
indicates that the contact between reactants and catalyst deposited is more efficient in the 
catalytic hollow fibre design, which is due to the ideal flow of the reactants and reduced mass 
and heat transfer resistances inside the reactor. Additionally, the CO2 selectivity obtained for 
all catalytic hollow fibres was considerably higher than packed bed reactor. All these suggest 
that less amount of catalyst is actually needed for the catalytic hollow fibre configuration.  
 
7.2.3 A Highly Permeable Hollow Fibre Substrate for Pd/Al2O3 Composite Membranes  
In Chapter 5, a Pd/Al2O3 composite membrane for H2 separation was developed by coating a 
Pd separation layer on the micro-structured ceramic hollow fibre using an electroless plating 
method. Apart from investigating the contributions of micro-channels in enhancing the 
permeation flux, the role of the outer thin sponge-like layer in the formation of the Pd 
membrane was also investigated. Highly integrated and defect-free Pd membranes of 
approximately 1.3 and 3.3 µm were formed on the ceramic hollow fibre substrates sintered at 
different temperatures (1300 and 1400°C). This suggests that the small and narrow pore size 
distribution of the packed-pore network of the outer sponge-like layer provides low surface 
roughness allowing for deposition of thin Pd membranes by electroless plating. H2 
permeation tests were performed over a temperature range between 300 °C and 450 °C, and 
at transmembrane pressures from 40 to 165 kPa. An increase in membrane thickness leads to 
a reduction of H2 permeation flux since the bulk diffusion distance increases. For the thinner 
Pd membrane (1.3 µm), the intermediate layer, which was formed due to the penetration of 
Pd into the hollow fibre substrate, played a more significant role in reducing the H2 
permeation flux when the hollow fibre was sintered at a higher temperature. While for the 
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thicker Pd membrane (3.3 µm), the intermediate layer affected the H2 permeation flux 
significantly less, as the major permeation resistance came from the Pd membrane. Similar 
integrated Pd membranes were further developed in a catalytic hollow fibre membrane 
reactor in the following chapter. Unfortunately, the penetration of the plating solution was 
considered to affect negatively the catalytic activity of the catalyst. 
 
7.2.4 A Catalytic Hollow Fibre Membrane Reactor for the Combined Steam Methane 
Reforming and Water Gas Shift Reaction 
In Chapter 6, a catalytic hollow fibre membrane reactor (CHFMR) was developed based on 
the major findings of the previous chapters (Chapter 3-5). The assembly of the CHFMR was 
performed by incorporating a Ni/SBA-15 catalyst into the micro-structured ceramic hollow 
fibre, followed by the deposition of a Pd membrane of 3.3 µm. Despite the reasonable 
performance of each reactor component when fabricated and investigated separately, the 
CHFMR did not present the expected performance. Possible causes were then investigated 
through a series of designed experiments. In contrast to a catalytic hollow fibre (CHF), the 
effective methane conversion of a CHFMR without H2 removal (by deliberately blocking the 
Pd separating layer) was considerably lower, approximately 50 % less. This indicates that 
part of the catalyst was either contaminated or leached out during the electroless plating. 
However, the remaining catalyst was still active. Therefore, the poor performance of CHFMR 
can also be related with the second reason, i.e. deactivation of the catalyst due to the over 
removal of H2. SMR catalyst usually requires the presence of H2 in order to avoid carbon 
formation, blockage of catalytic sites by chemisorption of hydrocarbons, delay the sintering 
of Ni particles, prevent an adapted oxidation state of Ni and reduce residual NiO particles. 
Despite the addition of H2 at either reaction and permeate sides contributing to achieve higher 
methane conversions, the overall catalytic performance was still well below CHF. By starting 
the reaction at higher temperatures, which contributed to higher reaction rates and, as a result, 
higher H2 concentrations, the catalytic performance of CHFMR clearly overcame the CHF 
and slightly exceeded the thermodynamic equilibrium. Therefore, the catalyst deactivation 
due to the overall removal of hydrogen, especially at low operation temperatures, is the major 
reason for the initial poor performance of the membrane reactor. To further improve the 
catalytic performance of the CHFMR, catalysts with higher stabilities at low hydrogen partial 
pressures most be employed.  
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7.3 Future work   
1. Further optimizing operating parameters 
Since the over removal of hydrogen, or mismatch between the reaction rate and the hydrogen 
removal rate, is the major reason for the initial poor performance of the CHFMR, operating 
parameters such as reaction temperature and flow rate of sweep gas at the permeate side can 
be further optimised in order for a more clear shift of the reaction. However, the effects of 
further optimizing the operating parameters may be limited, considering potentially narrowed 
temperature window and reduced hydrogen recovery rate. 
 
2. Improving the fabrication of the Pd separating layer 
Penetration of the plating solution into the porous hollow fibre substrate has resulted in the 
formation of an intermediate layer that affects the hydrogen permeation, as well as the 
contamination and leaching out of the catalyst active phase. As a result, a functional 
polymeric sacrificial layer with Pd seeds can be coated onto the hollow fibre substrate, prior 
to the electroless plating of the Pd separating layer. On one side, the dense polymeric layer of 
this type will help preventing the formation of the intermediate layer, leading to a higher 
hydrogen permeation rate. Furthermore, it suppresses the contact between the deposited 
catalyst and the plating solution, maintaining the good catalytic activity of the incorporated 
catalyst.  
 
3. Using high stability catalysts 
The Ni-based catalyst employed in this study was found less stable at low hydrogen partial 
pressures and, as a result, more stable catalysts are suggested for further improvement of the 
reactor performance. From this point of view, Ru or Rh based catalysts can be suggested, 
together with catalyst promoters such as CeO2. In terms of incorporating these catalysts into 
the micro-structured ceramic hollow fibres, it is worth attempting the wash-coating method, 
apart from the deposition methodology developed in this study.  
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4. Extending towards other catalytic reactions 
The study on the catalytic hollow fibre (CHF) has proved the advantages of incorporating 
catalysts into the micro-structured ceramic hollow fibres. The genuine benefits, such as ideal 
flow and efficient mass and heat transfer, are potentially promising for a wide range of 
catalytic reactions, especially when costly precious metals are used as the catalytic active 
phase, such as the three-way-catalyst (TWC) for automotive emissions control.  
  
